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Hormones and organotins are some of the chemicals that have been identified as endocrine 
disruptors. This means that they can interfere with the normal production, transport, and 
regulation of hormones in vertebrates and invertebrates. The main source of entry of most 
endocrine disrupting compounds (EDCs) into the environment are conventional 
wastewater treatment plants (WWTP) which do not exhaustively remove EDCs during 
treatment. Analysis of EDCs in the environment has generally been done using 
chromatographic methods which can suffer from loss of selectivity in complex matrices. 
Hence sample preparation is still an important part for the detection of EDCs due to their 
low environmental concentrations. The aim of this project was to explore solid and liquid 
phase based techniques for the extraction and preconcentration of hormones and organotins 
as well as adsorptive removal of steroid hormones in aqueous samples. 
Two analytical methods for the determination of hormones in water samples were 
developed based on solid phase extraction (SPE). Firstly, a β-cyclodextrin decorated 
magnetic activated carbon adsorbent was prepared and characterised. The adsorbent was 
then used to develop a magnetic solid phase microextraction method to extract and 
preconcentrate steroid hormones in waste and river water samples. In order to determine 
the method’s optimum performance, central composite design was used to investigate 
experimental conditions influencing the extraction. At optimum conditions, the method 
offered limits of detection and quantification of 0.01 – 0.03 µg L-1 and 0.033 – 0.1 µg L-1 
with the method being linear within the range LOQ – 300 µg L-1 (correlation coefficients 
between 0.9969 – 0.9991). Langmuir isotherm models best described analyte adsorption 
with high adsorption capacities.  
Secondly, a solid phase microextraction method combined with UV-Vis 
spectrophotometry for the preconcentration of trenbolone was developed using a 
molecularly imprinted polymer (MIP) as the adsorbent of choice. The MIP was prepared in 
the presence of trenbolone as a template and characterised using FTIR and SEM before 
use. Optimum conditions for the extraction and preconcentration were found to be a pH of 
6.5, 30 mg of the polymer, an extraction time of 20 minutes and elution volume of 700 µL 
using design of experiments based on a two level central composite method. The analytical 
performance of the method was evaluated by using the limit of detection (LOD = 0.07 mg 
L-1), limit of quantification (LOQ = 0.24 mg L-1), dynamic linear range (DLR = LOQ- 10 
 
vi 
mg L-1), preconcentration and enrichment factors (PF = 14 and EF = 8). The binding of 
trenbolone onto the polymer was characterised best by a Langmuir function with maximum 
adsorption of 19.01 mg g-1. Using spiked samples, the method was found to be unaffected 
by the presence of interfering substance and could be recycled at least 3 times. 
Akaganeite nanorods prepared using a simple surfactant-free method were characterised 
using Fourier transform infrared spectroscopy (FTIR), X-ray diffraction, scanning and 
transmission electron microscopy (SEM, TEM). The prepared material was then used for 
the adsorptive removal of β-estradiol from aqueous solutions. Parameters affecting the 
adsorption were optimised using a Box-Behnken multivariate optimisation approach. At 
optimum operating conditions, Langmuir, Freundlich, Dubin-Radushkevich, Redlich-
Peterson and Sips isotherms were used to study the equilibrium data while kinetic models 
such as the pseudo-first order, pseudo-second order, intraparticle, as well as Boyd and 
Elovich were used for the investigation of the rate determining step. The adsorption was 
found to be monolayer with a maximum adsorption capacity of 102 mg g-1. In water 
samples, the akaganeite material was found to have removal efficiencies in the range 93 – 
100 % showing suitable qualities for the enhanced removal of β-estradiol in water. 
An environmentally friendly liquid phase extraction method for the determination of 
organotins in sediments using a combined HPLC-ICP-MS analytical technique was 
developed. The extraction method was optimised using a fractional factorial design and 
central composite design. The optimisation showed that the required conditions for 
optimum extraction were a sample mass, solvent volume and nitric acid content of 16.5 
mg, 3 mL and 1.3 % respectively. With the optimised extraction parameters, the method’s 
analytical performance were investigated in terms of limits of detection and quantification 
ranging from 0.2 – 1.1 ng g-1 and 2.3 – 6.0 ng g-1. The developed method was used to 
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Pollutants entering the soil or water pose various threats to the functioning of the ecosystem 
as well as human health [1]. Soil is usually polluted with polycyclic aromatic hydrocarbons 
(PAHs), petroleum related compounds, chlorophenols, heavy metals and emerging organic 
pollutants [1]. There is an overlap of the types of pollutants present in water and soil. This is 
because of water run-off from contaminated soils, wastewater and septic tanks [2]. The 
United States and European Union in 2002 and 2009 reported that at least 80 % of samples 
analysed contained organic pollutants, especially ones with endocrine disrupting properties 
[3]. Since 2013, there have been approximately thousands of synthetic and natural 
compounds with endocrine disrupting properties [3]. Endocrine disrupting compounds 
(EDCs) are exogenous chemical compounds with the ability of interfering with the normal 
functioning of the endocrine system [4–7]. The most investigated endocrine disruptors 
include some personal care products, hormones, pharmaceuticals and poly brominated 
diphenyl ethers (PBDEs) [8]. However, organotins have not received much attention as 
endocrine disruptors, even though they are described as one of the most potent endocrine 
disruptors in both invertebrates and vertebrates [9]. 
1.1.1. Hormones 
Steroids occur naturally in organisms (i.e. animals and plants), and primarily contain three 
cyclohexane and one pentagonal carbon ring attached to a variety of functional groups and 
side chains (Figure 1.1) [10]. Structurally, steroid hormones are derivatives of cholesterol 
[11]. Hormones can be broadly classified as either natural or synthetic molecules [12]. 
Furthermore, they are divided into different families including mineralocorticoids, 
glucorticoids, androgens, estrogens, and progesterones [13]. There are three main natural 
estrogens, these are estrone, estradiol and estriol [11]. These 3 are C18 steroids that have 
different oxidation states in the rings [13]. There are also synthetic derivates of estradiol 
which include ethinylestradiol and mestranol [14]. Estrogens stimulate the development of 
female reproductive structures and control secondary sexual characteristics [15]. Hormones 





Figure 1.1. Representative examples of the hormone families: glucorticoids (hydrocortisone), 
androgens (testosterone), estrogens (estradiol) and progesterones. 
Androgenic hormones such as testosterone are C19 steroids, and are responsible for the 
development of masculine characteristics [16]. Thus, they are normally used as growth 
promoters in human and veterinary therapies [17]. Anabolic androgenic steroids such as 
testosterone are frequently used by athletes to improve athletic performance because of their 
myotrophic activity [12]. 
1.1.2. Organotins 
Organotins (OTs) are organometallic compounds that are used as biocidal chemicals in 
various industrial, domestic and agricultural products for a wide spectrum of microorganisms 
[18]. For example, tributyltin (TBT) contains (CH)3Sn groups that are used as antifouling 
agents in paints, disinfectants in circulated cooling water, slime control in paper factories and 
also in wood preservation [19]. It is reported that organotins can be degraded in the 
environment [9]. While this is the case, several studies have shown toxic effects of OTs in 
various food chain trophic levels [19]. OTs are also known endocrine disruptors, leading to 
sometimes irreversible damage such as masculinisation of female gastropods [20]. The 




1.2. PROBLEM STATEMENT 
EDCs in certain levels can disrupt the normal hormonal synthesis, regulation and transport in 
an organism [7]. Exposure to EDCs can occur via inhalation, transdermal adsorption, 
ingestion, breast milk secretion and placental permeation which can result in an organism’s 
offsprings to be at risk without any direct contact [21]. Water is the most important natural 
resource for the survival of all organisms [22]. Due to the increasing urbanization, climate 
change, industrial production and population, the quality of water and especially drinking 
water is negatively affected. As a result, many cities are facing water shortages [22]. 
Moreover, severe pollution of surface waters not only contributes to water shortages, but may 
also lead to the degradation of grain quality in agriculture. Endocrine disruptors are chemicals 
in the environment that can mimic or block the normal functions of the endocrine system 
[23]. Endocrine disruptors interfere with the occurrence, production, release, breakdown and 
elimination of natural hormones [9]. Major concern with regards to EDCs is focused on 
synthetic chemicals with endocrine disrupting properties [3]. Currently it is estimated that 
there are millions of tons of chemicals some of which disrupt the endocrine system are 
produced globally and these my increase cases of environmental pollution if not well 
managed [23]. Most EDC observations are related to reproductive development and sex 
differentiation as well as embryonic development [24]. However, there has reportedly been 
increased incidences concerning metabolic disorders that can be linked with EDCs [23,25]. 
Obesity, frequently associated with metabolic disorders and a combination of genetic, 
environmental and lifestyle factors has risen globally over the last 40 years [26,27]. This rise 
can be correlated with the changes in the environment as a result of new agricultural, 
industrial and medicinal procedures initiated over the last 4 decades [3]. The hypothesis that 
endocrine disruptors can interfere with the metabolism is supported by the fact that they are 
said to impact eating behaviour by causing certain changes in the hypothalamus [28]. For 
example, exposure to bisphenol A is reported to disrupt dopamine activity, thus leading to 
addictive and impulsive behaviour [29]. 
The inefficiency of wastewater treatment plants (WWTP) to completely treat EDCs has be 
vastly discussed in the analytical chemistry field [30]. This is regarded as the main source of 
EDCs into the aquatic systems [31]. Lipophilic compounds often cause analysis difficulties 
since they are found in trace amounts in environmental samples [32]. The analysis of EDCs 
in water samples is commonly achieved using gas chromatography (GC) and liquid 
chromatography (LC) combined with different detectors to increase selectivity [33,34]. EDC 
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analysis is often complicated by their low environmental concentration, different analyte 
physical and chemical characteristics [35]. While chromatographic methods are attractive for 
the quantification of EDCs, they also have some draw backs. These include LC being less 
sensitive in complex matrices [36], the uncertainty caused by the need for derivatisation of 
non-volatile compounds for GC analysis [37] and less selective spectrophotometric methods 
[38]. 
1.3. MOTIVATION 
The use of these anabolic growth agents and organotins is banned by the European Union 
(EU), Russia, and China [39]. This is because a number of studies have shown that that 
residues of these substances can be found in meat and other food stuffs [40]. However, in 
some countries there is no information on whether these substances are used legally or 
illegally. With only 8.6 % rainfall, South Africa (SA) is a water scarce country, and problems 
associated with EDC pollution are of substantial concern. A large proportion of South 
Africans live in poorly developed areas with inadequate infrastructure [41]. This leads to 
increased risks for water contamination and exposure to contaminated water. Even so, there is 
a lack of information on the status of EDCs in SA. Furthermore, RSA does not have specific 
regulations for EDCs and the EU, WHO, USEPA standards are used [42,43]. 
In SA, studies on EDC contamination levels are scarce and scanty [44,45]. This information 
is critical for a developing country, especially one where a large number of people still 
depend on surface water [46]. More alarming is the discovery of EDCs in water systems [46–
50] while this is the case Gani et al have recently attempted to review the occurrence, sources 
and risk of EDCs in South Africa. They found that between the years 2000 and 2020, only 41 
publications focused on these pollutants [45]. In contrast, they found over 300 publications 
from countries such as Canada, Germany and Spain. This has been attributed to limited 
infrastructure for accurate analysis of EDCs [51]. 
Furthermore, hormones and Organotins do not have regulated levels as such this study will 
provide seasonal levels of hormone concentrations in surface waters, this in turn will 
contribute vastly on the monitoring of such chemical in water. Which has not been reported 




This project is based on sample preparation and detection of endocrine disruptors. Sample 
preparation for emerging pollutant poses a challenge as they are usually found at trace and or 
ultra-trace levels in the environment. Analysis of these compounds is often difficult as a 
result of matrix effects and low detection limits. Thus simple, selective and sensitive sample 
preparation based on easy to make composite material and molecular imprinted polymers will 
be explored in this study in the bid to improve the sensitivity of instrumental analysis 
techniques such as high performance liquid chromatography (HPLC), UV-Vis 
spectrophotometry and inductively coupled plasma spectroscopy (ICP).  
Existing sample preparation techniques such as solid phase microextraction and liquid-liquid 
extraction will be modified with the aid of new and selective adsorbents. This will in turn 
allow for the concentration enhancement and easy separation of EDCs from complex 
matrices. 
1.4. AIMS AND OBJECTIVES 
This project aimed to develop and explore analytical techniques with the potential of 
extraction, preconcentration and removal of primarily two types of emerging persistent 
pollutants (namely selected hormones and organotins) in environmental samples (water and 
sediments). 
1.4.1 Specific objectives 
1. Preparation and characterisation of materials, namely β-cyclodextrin decorated magnetic 
activated carbon, molecularly imprinted polymer and akaganeite for use as adsorbents in the 
preconcentration, extraction and removal of hormones from water samples. 
2. Development of greener methodologies employing deep eutectic solvents for the analysis 
of organotins. 
1.5. THESIS OUTLINE 
The chapters presented in this thesis are grouped into sections. The contents of each section 
are briefly presented as follows: 
Section 1: this section comprises of chapter 1 which is the general introductory chapter 
containing background information, motivation and aims and objectives of the study. 
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Section 2: a detailed literature review is presented in 2 chapters, namely chapter 2 titled 
“Recent advances in solid phase extraction (SPE) based on molecularly imprinted 
polymers (MIPs) for analysis of hormones”, a review on the quantification of steroid 
hormones in environmental and biological matrices is presented. The second part of this 
section is chapter 3 entitled “Organotin compounds in the Indian Ocean: pending 
problem or resolved issue?” which zooms in on the occurrence of organotin compounds in 
the Indian and neighbouring oceans. 
Section 3: This section contains 3 experimental chapters, chapters 4, 5, 6, in chapter 4 titled 
“βeta-cyclodextrin decorated magnetic activated carbon as a sorbent for extraction and 
enrichment of steroid hormones for liquid chromatographic analysis” where 3 classes of 
hormones were quantified in water samples using magnetic solid phase microextraction. 
Chapter 5 covers the use of a molecularly imprinted polymer for simple UV-Vis 
determination of trenbolone in water and lastly, adsorptive removal of the hormone β-
estradiol in water was explored using akaganeite in chapter 6 
Section 4: This section contains chapter 7 which focuses on the determination of organotins 
in sediments. 
Section 5 Contains the conclusions based on the work done for the thesis as summarised in 
chapter 8. 
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RECENT ADVANCES IN SOLID PHASE EXTRACTION (SPE) BASED ON 
MOLECULARLY IMPRINTED POLYMERS (MIPS) FOR ANALYSIS OF 
HORMONES 
ABSTRACT 
Steroid hormones are active substances that are necessary in the normal functioning of all 
physiological activities in the body, such as sexual characteristics, metabolism, and mood 
control. They are also widely used as exogenous chemicals in medical and pharmaceutical 
applications as treatments and at times growth promoters in animal farming. The vast 
application of steroid hormones has resulted in them being found in different matrices such as 
food, environmental and biological samples. The presence of hormones in such matrices 
means that they can easily come into contact with humans and animals as exogenous 
compounds resulting in abnormal concentrations which can lead to endocrine disruption. This 
makes their determination in different matrices a vital part of pollutant management and 
control. Advances in analytical instruments are observed in perpetuity, while this is the case it 
has been determined that these instruments still require some sample preparation steps to be 
able to determine the occurrence of pollutants in the complex matrices they occur in. 
Advances are still being made in sample preparation to ensure easier, selective, and sensitive 
analysis of complex matrices. Molecularly imprinted polymers (MIPs) are termed as 
advanced solid phase (SPE) materials for selective extraction and preconcentration of 
hormones in complex matrices. This review explores the preparation and application of MIPs 
for the determination of steroid hormones in different sample types. 
Keywords: Sample preparation; endocrine disruptors; steroid hormones; chromatography; 
molecularly imprinted polymers 
2.1 INTRODUCTION 
Exogenous chemicals with the ability to interfere with the normal function of hormones are 
known as endocrine disrupting compounds (EDCs) [1]. The effects of EDCs include reduced 
fertility and elevated chances of cancer [2]. One of the most active and potent group of EDCs 
in the environment are hormones [3]. Hormones are naturally found in mammals and are 
called endogenous hormones while foreign hormones are classified as exogenous hormones 
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and can be either natural or synthetic [4]. The most active endocrine found in the 
environment are steroids [1].  
Animals produce hormones in endocrine glands, organs, and tissues. These hormones 
control vast and essential activities such as the regulation of cell activity and mood [5]. 
Hormones can be broadly classified as steroids and non-steroids [6]. Structurally, all steroid 
hormones contain a characteristic arrangement of four cycloalkane rings [7]. Steroids are 
further classified into mineralocorticoids (aldosterone), glucocorticoids (hydrocortisone), 
androgens (testosterone), estrogens (β-estradiol) and progesterone [5], the chemical structures 
are shown in Figure 2.1. 
 
 
Figure 2.1: Chemical structures of hormone group representatives. 
 
Human and animal excretion often contain natural and exogenous variation of hormones 
[8]. This is due to the fact that while steroids such as estrogens, mineralocorticoids 
(aldosterone), glucocorticoids, androgens, and progesterones can be secreted in the adrenal 
cortex [9], there are still exogenous hormones used as contraceptives [10], medicines [11] 
and growth promoters [12]. As a result, hormones can end up in the environment via 
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insuffiently treated wastewater treatment plant effluent discharge into receiving water 
bodies[13]. 
Hormonal compounds pose risk to organisms in the water environment such as 
reproductive disorders, feminisation, masculinisation, infertility and cancer [2]. Water is a 
good medium for carrying and distributing polar and semi-polar compounds [13]. As a result, 
incomplete removal of hormone pollutants in wastewater treatment plants, effluent discharge 
into nearby rivers introduces hormonal pollution into water systems [14]. Table 2.1 shows the 
concentration levels of hormones in water and other matrices in different countries, this 
shows that while mostly prevalent in water, hormones can still be detected in soil, food and 
even humans. Unusual exposure to hormonal compounds can result in endocrine disruption 
which can have negative effects such as abnormal cell growth of hormone regulated tissues 
[15]. This can lead to neoplasia, hyperplasia and even cancer [15]. 
The analysis and quantification of hormones in water matrices has predominantly been 
done using chromatography namely gas chromatography due to efficient separation and 
identification success [16]. However, the biggest limitation of gas chromatography 
determination is the need for derivatisation and conversion [17]. These manipulations can 
result in loss of analyte [17]. This has driven a surge in liquid chromatography (LC) methods 
with do not require chemical pre-treatment for hormonal analysis and quantification [18]. LC 
methods often lack the GC specificity in complex matrices and thus require sample 
preparation in order to ensure accurate quantification [19]. 
Sample preparation allows for the preconcentration/isolation of ultra-trace pollutants [20]. 
A vast number of sample preparation methods can be distinguished as being either liquid-
liquid or solid phase extraction [20]. Liquid-liquid extraction uses an organic solvent as the 
extracting phase [21,22]. In contrast, solid phase extraction as the name suggests uses a solid 
phase (adsorbent material) to extract substances [23]. Solid phase extraction (SPE) has been 
one of the most used sample preparation techniques since its development in the 1980s [23]. 
Its advantages are based on its simplicity, selectivity, high enrichment factors, ease of 
automation and use of different adsorbents [24,25]. Molecularly imprinted polymers have 
been termed as advanced adsorbent materials for SPE [20,24] 
Molecular imprinting was first reported by Wulf & Sarhan [26] in a bid to generate 
artificial receptors. The imprinting process is done by polymerising a functional monomer in 
the presence of a template molecule [27]. During polymerisation, there is a formation of a 
functional monomer-template complex [28]. This results in a 3-D polymer network where a 
template is trapped. The template can then be removed by washing, leaving cavities within 
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the polymer network which are complementary to the size, shape and molecular interaction of 
the template [27]. This review aims to investigate the use of molecularly imprinted polymers 
in the determination of hormones in different matrices, namely water, food, and biological 
samples. Also, the mostly used MIPs synthesis methods such as precipitation polymerisation, 
bulk and surface imprinting are briefly discussed. 
2.2 GLOBAL CONCENTRATION LEVELS OF HORMONES. 
The increasing concentrations of steroid hormone residues in various matrices more 
especially in environmental matrices is evident that even with bans that are in place, their 
increased application is still predominant (Table 2.1). In general, global studies show that 
these hormones are frequently detected in waste and surface waters [9,29–39]. The detection 
of steroid hormones in the environment has been reported to differ from country to country 
(Table 2.1). In some cases, their concentrations within the same country differ depending on 
the regions or provinces. For example, in South Africa maximum concentrations of 7133 ng 
L-1 were detected in wastewaters from Gauteng Province [31] while up to 2000 ng L-1 were 
reported in KwaZulu Natal Province [9]. Olatunji et al. [40] reported concentrations ranging 
from 600-45500 ng L-1 in surface water around animal farms in Western Cape. The presence 
of steroid hormones in various environmental samples around the world is summarised in 
Table 2.1. Maximum concentrations up to 14.1 μg/L were reported in Brazil [30,41], 
Beldean-Galea et al. [34] reported steroid hormone concentrations ranging from 2.6-47 μg/L 
in Romanian water matrices. Other significantly high concentrations of steroid hormones 




Table 2.1: Global concentration levels of hormones. 
Country Sample type Type of hormone Conc. level Ref 
Malaysia Wastewater 17-β-estradiol and 17-α-ethynylestradiol 0.02 - 93.9 ng L-1 [29] 
South Africa Wastewater 17-β-estradiol 15-2000 ng L-1 [9] 
Brazil River water 17-β-estradiol 14.9 µg L-1 [41] 
China River and wastewater Estrone and estriol 2.1 – 360 ng L-1 [43] 
France Butter Medroxyprogesterone 4.1 µg kg-1 [32] 
Portugal Wastewater 17-β-estradiol 0.085 µg L-1 [44] 
Romania Wastewater Estriol and ethynylestradiol 2.6 – 4.7 µg L-1 [34] 
Poland Ground water Estrone 309 ng L-1 [45] 
China Soil Progesterone, Androstenedione, 
Testosterone, 17α-estradiol 
0.06 – 1/20 µg kg-1 [35] 
Hungary River water Β-estradiol, Coprostanol, Cholesterol, 
Stigmasterol, β-stosterol 
0.322 – 488 µg L-1 [36] 
China River water Progesterone, boldenone, norgestrel 8.22 – 66.2 ng L-1 [37] 
China River and surface water Estriol, estrone, bisphenol A 1.0 – 690 ng L-1 [38] 
Switzerland Milk  Estrone, progesterone, hydroprogesterone, 
cortisone, 4-androstenedione, β-estradiol 
10 - 342 ng kg-1 [39] 
Brazil Surface water Estrone, 17β-estradiol, progesterone and 
17α-ethynylestradiol 
0 – 5.84 µg L-1 [30] 
South Africa  Wastewater and river water Progesterone, β-estradiol, estrone, estriol 0-7133 ng L-1 [31] 
Serbia Surface and wastewater Cholesterol, Coprostanol, Campesterol, 
Stigmasterol, β-sitosterol, sitostanol 
12 – 4808 ng L-1 [42] 
Chile  Human urine Testosterone, Progesterone, Β-estradiol 0.20 -21.23 ng L-1 [46]  
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2.3 MOLECULARLY IMPRINTED POLYMERS SYNTHESIS METHODS 
Molecularly imprinted polymers (MIPs) present a synthetic route towards the development of 
tailorable stationary phases that are particularly useful in solid phase extraction [47]. MIPs are 
synthetic polymers with the ability to rebind a target molecule even in the presence of 
interferences [48], while being  prepared by simple co-polymerisation of functional monomers in 
the presence of a template molecule or surrogate, and a cross-linker [49]. The choice of 
functional monomer is based on their affinity to the template, and maybe selected based on 
chemical properties as well as molecular modelling routines [50]; the subsequent polymerisation 
yields a three-dimensional polymer network with binding sites ideally complementary in size, 
shape and functionalities to the template [48]. 
The functional monomer type plays a major role on the properties of the MIP being 
synthesised. The functional monomer-template interaction should be either covalent or non-
covalent [51]. The most common functional monomers according to Figueiredo et al [51] are 
methyacrylic acid, acrylic and 4-vinylpyridine. Successful MIP synthesis also depends on the 
stability of the functional monomer-template complex, the ability of forming hydrogen bond and 
absence of polymerizable groups. The last component needed for MIP synthesis is the 
crosslinker which influences the morphology of the MIP. It also stabilises the MIP’s binding 
cavities. Cross linkers compatible with MIPs are highlighted by the reviews by Spivak and 
Vasapollo and coworkers [52,53]. 
There are generally three different MIP synthesis approaches reported in literature; covalent, 
semi-covalent and non-covalent synthesis [48]. The covalent approach is based on establishing 
pre-polymerisation complexes where the template is covalently bound to the monomers, and 
removal of the template by chemical cleavage [54]. Due to the high stability of the template 
monomer interaction, the covalent synthesis results in homogenous binding sites population and 
minimal non-specific sites [53]. However, because of covalent template-monomer interactions, 
reversible cleavage of the complex under mild conditions is not easily achieved under mild 
conditions [55]. 
An immediate solution to the covalent approach restriction is the semi-covalent approach, the 
difference between the two is that the semi-covalent approach template-monomer complex 
rebinding is based on non-covalent interactions and thus reversible cleavage is simple [37].  
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The non-covalent imprinting utilizes weak interactions, and is considered more versatile [55]. 
Self-assembly through non-covalent imprinting includes weak interactions between the template 
and monomer such as hydrogen bonding, electrostatic, hydrophobic interactions and π-π bonding 
[56]. For successful imprinting, the choice of functional monomer is crucial for high affinity 
binding sites [57]. Chen and colleagues [57] discussed in detail the different synthesis methods 
for MIPs hence in this review only precipitation, bulk and surface imprinted polymerisation will 
be covered. 
2.3.1 Precipitation polymerisation 
Precipitation polymerisation is done by one preparative step. This type of polymerisation allows 
to obtain uniform and spherical particles (diameters typically less than 1μm,), but large amount 
of template is required [58]. Precipitation polymerisation is known as a surfactant-free method, 
which involves polymerisation of monomers in dilute solutions (without overlap and 
coalescence), and resultant polymer particles will precipitate from the solution [59]. Particle 
growth predominantly occurs by entropic precipitation of nanogel (seed) particles followed by 
continuous capture of oligomers from solution. This method of polymerisation requires a large 
amount of solvent in comparison to, e.g., bulk polymerisation [60]. It should also pointed out that 
there are several factors influenced the size of obtained particles, i.e., polarity of the solvent, 
reaction temperature and speed of stirring, so the reaction conditions should be carefully 
controlled [61]. 
2.3.2 Bulk imprinting 
In bulk imprinting, a template molecule is imprinted as a whole in the polymer matrix and after 
polymerization it needs to be entirely removed from the molecularly imprinted material [62]. In 
the following step, to form small particles from these bulk polymers, the bulk polymer is crushed 
mechanically and then the formed particles are fractionated. In this manner, readily available, 
template-specific 3D interaction sites are obtained within the selective, imprinted polymeric 
material [63]. Bulk imprinting is generally preferred for the imprinting of small molecules since, 
at least in theory, the adsorption and release of the template molecule are faster and reversible 




The use of whole polymer as a template presents some advantages over other methods 
especially in sensor applications [59]. The template structure will most accurately be the same 
with the target structure since the template protein (the target, at the same time) is imprinted 
wholly. However, in case of larger structures including proteins, living cells and 
microorganisms, the method has some drawbacks. Maintaining the conformational stability of a 
protein during the polymerization process is a big challenge [4,65,66]. Moreover, when large 
imprinted sites are formed due to the size of the template, these sites might also be attractive for 
smaller polypeptides which results in cross-reactivity and reduced selectivity [67]. Due to the 
thick morphology of bulk imprints, big template molecules are embedded in the matrices too 
deeply that lead to restriction or no access for the target molecules to bind to the sites. The fact of 
low accessibility leads to much longer response times, drift problems and also poor regeneration 
[68]. A more extreme position is that the target molecule is problematic to remove from the MIP. 
This will lead to hampered binding and in extreme cases to no binding at all. To overcome these 
limitations, alternative imprinting techniques including surface imprinting have been developed 
[69,70]. 
2.3.3 Surface imprinting 
The surface imprinting technology is a powerful tool to deposit a thin layer of polymeric material 
on different substrates such as carbon nanotubes (CNTs), Fe3O4, TiO2, SiO2. This layer of MIPs 
containing imprinted cavities at the surface of the particles provides more accessible adsorption 
sites, rapid mass transfer, and fast binding kinetics and high selectivity [58,71]. While bulk-
imprinting using these approaches is the most prevalent synthesis strategy, most recently so-
called surface-imprinting methods have revealed distinct advantages including minimal waste of 
material, enhanced access to the binding sites exclusively at the surface of the particle, 
tailorability of the bead size from the micro- to the nanoscale, reduced mass transfer limitations 
leading to accelerated binding kinetics, and access to sophisticated core-shell configurations 
(e.g., inorganic silica core particle with nanothin MIP shell) [70,72,73].  
Surface imprinting increases the interaction between the template molecule and MIP by 
forming the binding sites close to and/or at the substrate surface, thereby ensuring efficient mass 
transfer. Surface imprinting is a particularly promising strategy for imprinting larger molecules 
[69]. An additional advantage of surface imprinting is the smaller amounts of template required 
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during the polymerisation vs. conventional bulk imprinting. A variety of imprinting methods 
such as lithographic imprinting [74], dispersed-phase polymerisation [75]  and grafting via core-
shell imprinting [76] have been reported and will be explored. 
2.4 Sorbent based MIP applications 
2.4.1 Water samples  
In a study reported by Guc and Schroeder [77], MIPs and magnetic MIPs prepared using bulk 
polymerization and core–shell method procedures, respectively, were used as adsorbents for 
selective extraction and preconcentration of  estrone (E1) and β-estradiol (E2) from water 
samples. The quantification of the analytes in environmental samples was achieved using 
electrospray ionization mass spectrometry (ESI-MS) and Flowing atmospheric-pressure after 
glow mass spectrometry (FAPA-MS). The results obtained revealed that FAPA-MS (LODs = 
0.135 µg L₋1) was more sensitive that ESI-MS (LODs ranging from 13.6-27 µg L₋1). The 
combination of MIP/magnetic MIP SPE method with FAPA-MS resulted in the accurate 
quantification of trace amounts E1 and E2 in water and the concentrations were found to be 
0.271-0.273 µg L₋1. 
In another study, MIP-SPE method was coupled with high performance liquid 
chromatography coupled with diode array detection (HPLC-PDA) for selective determination of 
estrone (E1), 17β-estradiol (E2), estriol (E3), 17-α-ethinylestradiol (EE2), progesterone (PRO), 
and testosterone (TST) in water [78]. The method proved to be suitable for quantification of 
steroids hormones in water because it had relatively low LODs in the range of 0.0182–0.0898 
μg/mL. In addition, high recoveries (79-101%) and low matrix effects (<20%) suggested that the 
developed MIP-SPE method could be used for selective identification and quantification of the 
target analytes [78]. Lu and Lu conducted a study investigating the concentrations of E1, 17β-
estradiol (E2) and estriol (E3) in ap, river and lake water samples. In their work they explored 
the use of E1-imprinted Fe3O4@SiO2@mSiO2 (MM-MIPs) as an adsorbent DSPE for selective 
preconcentration and specific recognition of E1, E2 and E3. The MM-MIPs sorbent presented 
high adsorption capacity, high extraction efficiency as well as fast mass transfer for the target 
analytes [79]. The MM-MIP-SPE combined with HPLC-PDA showed relatively good analytical 
characteristics. The recoveries ranged from 85-95% and the precision of the method was less 
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than 6%. Low detection limits ranging from 0.09 µg L₋1to 0.4 µg L₋1 and high enrichment factor 
of 1700 were obtained.  
Guedes‐Alonso et al. [80], reported the synthesis and application of MIP as an adsorbent for 
SPE of estrogens from wastewater collected from veterinary hospital and wastewater treatment 
plant. The developed method demonstrated adequate LOD (0.180.45 ng/mL), acceptable 
recoveries (> 60%) as well as high precision (<RSD 10%). The coupling of MIP-SPE with 
UPLC enabled accurate quantification of the analytes at concentration ranging from 1.35 to 2.57 
ng/mL. 
The consolidated summary of the application of MIPs as adsorbent for the extraction and 
preconcentration of different types of steroid hormones is presented in Table 2.2. As seen, use of 
MIPs as selective adsorbents allows the use of conventional techniques such as HPLC-UV 
(DAD) or HPLC-FLD for simultaneous determination of hormones in environmental matrices. 
Furthermore, it can be noted that acceptable to low detection limits (0.04-1.5 µg L-1) were 




Table 2.2: Summary of application of MIPs for the determination of hormones in water samples. 













0.04 88.3-99 [81] 
Estriol, estrone, 17β-estradiol, 17α-







- - [89] 
Diethylstilbestrol, estrone, estriol River, lake 
and tap water 
HPLC-UV Semi-covalent 
polymerization  
10-16 96-98% [82] 
Estriol (E3), 17β-estradiol (E2) Wastewater LC–Q-
TOFMS 
- - - [83] 





2.5–5.8 72-102 [90] 













E1, E2, DES Lake and 
river water 
HPLC-DAD - 0.3-1.5 75-93 [86] 
E1; E2; E3; EE2 Wastewater HPLC - 1.96-
2.76 
81-113 [87] 
17α‐estradiol (17α‐E2), 17β‐estradiol 
(17β‐E2), estrone (E1), hexestrol (HEX), 
17α‐ethynylestradiol (EE2), diethylstibestrol 
(DES), dienestrol (DS), zearalenone (ZEN), 















E2, ethinyl estradiol (EE), diethylstilbestrol 
(DES), ethisterone (ES) and estrone (E1) 






estrogen dienestrol (DIS) Seawater HPLC-DAD Surface 
polymerization 
0.16 87.3–96.4 [93] 
GC× GC‒TOFMS = Comprehensive two-dimensional gas chromatography time-of-flight mass spectrometry, LC‒MS = liquid 
chromatography – mass spectroscopy, HPLC-PDA = high performance liquid chromatography-photo diode array, UV = ultraviolet 
spectrophotometry, LC–Q-TOFMS = liquid chromatography- quad time of flight mass spectroscopy, HPLC-DAD = high performance 







2.4.2 Food samples  
Residues of steroid hormones have been detected in various food matrices especially in milk 
samples (Table 2.3). This might be due to the use of steroid hormones as growth promoters. For 
instance, Tang et al. (2019) [94], reported the dummy molecularly imprinted polymer 
microspheres (DMIPMS) as adsorbent for extraction and preconcentration of natural and 
synthetic estrogens (Estrone (E1), 17β-estradiol (βE2), estriol (E3), ethinylestradiol (EE2), 
dienestrol (DS), diethylstilbestrol (DES), and hexestrol (HEX) in milk samples. The 
microspheres were synthesized via Pickering emulsion polymerization and genistein (GEN) was 
employed as a dummy template molecule. The FTIR analysis confirmed that the DMIPMS were 
successfully prepared since all the expected functional groups were observed. The developed 
method was found to be selective towards the selected seven estrogens using HPLC-MS/MS. 
The DMIP-SPE coupled with HPLC-MS-MS displayed excellent linearity with LODs in the 
range of 0.10–0.35 µg L−1. The recoveries after spiking the milk samples at three levels were 
between 88.9% and 102.3%. These results suggested that DMIPMS based SPE could be used for 
monitoring of trace estrogens in food samples such as milk samples.  
A restricted access media-MIP (RAM-MIPs) was reported by Wang et al. (2020) [94]for 
selective extraction of 17β-estradiol (E2) from milk samples. RAM-MIP was prepared via 
surface imprinting method whereby monodisperse crosslinked poly (glycidyl methacrylate-co-
ethylene glycol dimethacrylate) microspheres was used as the carrier and acryloyl chloride-
modified β-cyclodextrin as the hydrophilic functional monomer. The resultant adsorbent was 
found to have high adsorption affinity towards E2. The RAM-MIP DSPE coupled with HPLC-
PDA was used for analysis of E2 in milk samples. The method showed promising analytical 
performance such as high recoveries (up to 95%), high precision (<4%) and relatively high 
sensitivity (LOD= 2.1 µg L-1). In another study, Zhu et al. 2018 reported the synthesis of zipper-
like on/off-switchable magnetic molecularly imprinted microspheres (SM-MIMs) as an 
adsorbent for the analysis of E2 in milk samples. The SM-MIMs were prepared using surface 
polymerization of acrylamide (AAm) and 2-acrylamide-2-methyl propanesulfonic acid (AMPS). 
It was observed that the adsorption of E2 onto the adsorbent was temperature dependent. The 
authors reported that this phenomenon was due to the interactions of the two polymers 
(poly(AAm) (PAAm) and poly(AMPS) (PAMPS)) which had on/off-switchable property due to 
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the temperature. The SM-MIM-SPE combined with HPLC-PDA displayed attractive analytical 
performances such as selectivity, low LOD (2.5 µg L-1), and high recoveries (79-90%) of E2 in 
complex matrices [95]. Table 2.3 also shows that the use of MIPs allows researchers to be able to 
use simple and inexpensive detection techniques such as ultraviolet spectrophotometry (UV) [96] 
and high performance liquid chromatography with UV detectors [97–100] and achieve low limits 




Table 2.3: Summary of application of MIPs for the determination of hormones in food samples. 




LOD ug/L %Recovery Refs 
E2 Goat milk HPLC-PDA Bulk polymerization 4.81 76-90 [101] 
Progesterone, testosterone, β-
sitosterol, cholesterol and 
campesterol 
White meat, egg 
yolks and 
vegetables 
HPLC - 0.003-0.005 97-101 [97] 
E2 Milk powder UV Surface 
polymerization 
9.533 84 [96] 
E2 Milk  HPLC–UV Surface 
polymerization 
0.01 89-92 [98] 
E2 Beef HPLC-PDA Surface initiated 
atom transfer radical 
polymerization 
0.25 97-99 [102] 
E2, estriol, estrone Milk  HPLC Surface 
polymerization 
- 81.6-91.6 [103] 
Estriol, estrone and 17α-
ethynylestradiol 
Fish and shrimp HPLC-UV Multiple co-
polymerization 
0.98–2.39 80-94 [104] 
Estrone (E1), estradiol (E2), 
estriol (E3) and diethylstilbestrol 
(DES) 
Milk powder  HPLC-UV surface 
polymerization 
1.5–5.5 ng g-1 81-95 [99] 
Estriol, estradiol Milk tablets HPLC-UV Surface 
polymerization 
1.49-1.83 89.1–93.5% [105] 
DES Pork and chicken HPLC–UV Surface 
polymerization 
0.28–0.47 83-99 [106] 




2.4.3 Biological and other complex samples  
Qiu et al. 2010 investigated the levels of anabolic steroids such as androsterone, stanolone, 
androstenedione and methyltestosterone in human urine. This was achieved by the use of MIP-
coated SPME fibers combined with GC–MS. In their study, a testosterone-MIP was prepared 
using thermal radical copolymerization of MAA and trimethylol-propanetrimethacrylate (TRIM) 
[107]. The developed method presented promising analytical figures of merit. The LOQs, 
precision, linearity and recoveries ranged from 0.01-0.08 ng/mL, 4-15%, 0.02-1 ng/mL and 87-
108%, respectively. These results suggested that the developed MIP-coated SPME/GC–MS was 
suitable for rapid extraction and determination of trace anabolic steroids in biological matrices.  
A selective extraction and determination of progesterone hormones from biological matrices 
such as urine and blood samples were reported by Nezhadali et al. (2016) [108]. The extraction 
and preconcentration of target analytes were achieved using a polypyrrole MIP (prepared via 
bulk polymerization) as adsorbent followed by GC-FID quantification. Under optimized 
conditions, the LOD, LOQ and recoveries were 0.63, 1.9 ng/mL and 86-101%, respectively. The 
method was successfully applied to determine the target analyte in urine and blood of pregnant 
women.   
Du et al. 2018, reported the preparation of dexamethasone‐imprinted polymers (DEXA-MIP) 
via surface molecular imprinting. The surface molecular imprinting was achieved using a method 
called reversible addition–fragmentation chain transfer polymerization on the surface of 
magnetic nanoparticles [109]. The prepared MIP was used as a magnetic adsorbent for SPE of 
DEXA from skincare cosmetic samples prior to HPLC-PDA determination. The developed 
method displayed relatively good accuracy (93-97.6%), high precision (RSD<3%) and low 
LODs (0.05 μg/mL). Furthermore, the developed MIP-SPE/HPLC method possessed attractive 
features such as specific molecular recognition, high adsorption affinity and selectivity as well as 
simplicity and it was considered as good candidate for monitoring of trace concentration of 
DEXA in various complex matrices. A study by Xu et al. (2014) [86] reported the application of 
dual-template MIP-SBSE combined with HPLC-DAD for analysis of E1, E2 and DES in plastic 
samples. The developed methods were found to be suitable for selective determination of steroid 
hormones in complex matrices with recoveries ranging from 78% to 97%. In cases where 
analytes are different structurally, MIPs are not suitable for analysis of target analytes in 
 
29 
complex real samples such as cosmetics [110]. To overcome these shortcomings, dual template 
MIPs are used. For instance, Liu et al. (2017) [110] conducted a study investigating the presence 
of glucocorticoids in cosmetics samples. In their study, they explored the use of novel dual-
template magnetic MIP as an adsorbent for SPE. The magnetic MIP was synthesized using 
surface polymerization method and hydrocortisone and DEXA were used as templates. The 
prepared dual-template magnetic MIP had high affinity towards target analytes, and it was used 
for extraction and enrichment of hydrocortisone and DEXA in cosmetic products. The magnetic 
MIP-SPE/HPLC method displayed satisfactory recoveries ranging 86.8–107.5% as well as good 





Table 2.4: Summary of application of MIPs for the determination of hormones in biological samples. 




LOD ug/L %Recovery Refs 
Estrone (E1) and estriol 
(E3 
Urine HPLC-UV - 25-32 70-80 [111] 
Ethinylestradiol (EE2) and 
estradiol (E2) 
Urine  HPLC-UV - 76-92 96-99 [112] 
E1, 17α- α-E2, β-E2, E3, 
EE2, DES, bisphenol A 
(BPA), bisphenol S (BPS), 
4-n-octylphenol (OP), 4-n- 
coumestrol (COU), 
genistein (GEN), and 
enterolactone (ENT) 
Maternal serum, 









Bulk polymerization 0.47 >80% [113] 
HPLC-UV = high performance liquid chromatography, UHPLC-MS/MS = ultra high performance liquid chromatography comupled with 




2.5 MIP CHALLENGES 
The synthesis of MIPs has to be well optimized and tailored to the desired target, which can 
be demanding, as there is no universal preparation protocol that would ensure satisfactory 
selectivity [114].The MIP technology is not very well transferable among different 
applications, analytes, or polymers. However, once it is tuned for a specific setup, the 
synthesis is inexpensive and can be scaled up in automatic reactors [115]. Inconsistency in 
template removal techniques, assessment of the binding capacity, and nonspecific adsorption 
on nonimprinted polymers are other challenges of MIPs [116]. Diverse polymers require 
different strengths of the solvent used for template removal. While self-polymerizing PDA 
MIPs cannot be exposed to very harsh conditions, acrylic acid polymers are more resistant 
[117]. In bio applications, the stability of the MIPs is often advantageous because it offers the 
possibility to be sterilized or reused. There is often discrepancy in the verification of template 
removal among different studies [114]. While some works assess template removal by 
separation methods such as HPLC, which is measured indirectly as a residual of analyte in 
the sample, which was not bound by MIP, some of the studies do not provide any specific 
procedure on how the removal of template molecules was confirmed [115]. Another 
challenge is that MIPs themselves do not generate any signal when the analyte from the 
sample is bound and therefore have to be coupled with a suitable detection method 
[59].Commonly, MIP surface is created over a functional NP, e.g., with optical properties. 
Despite fluorescence and luminescence methods experiencing a boom, the problem with 
optimal penetration depth of the light emission for in vivo applications remains unsolved. 
However, when applied for whole-body optical imaging, the signal may not be sufficient 
[59,118].  
2.6 CONCLUSIONS 
 In this review, the concentrations of steroids hormones in different matrices were 
summarised showing the presence of steroid hormones in matrices such as water, soil, and 
food. Furthermore, the preparation of molecularly imprinted polymers was briefly reviewed 
showing that precipitation, bulk, and surface imprinting are the most frequently used methods 
for the preparation of MIPs. Application of MIPs in the determination of steroid hormones in 
water, food, biological and other complex samples showed that the use of MIPs as sorbent 
material can result in selective extraction of different classes of steroid hormones in varying 
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matrices. This review also discussed the challenges associated with the preparation and 
application of MIP technology, such as the absence of universal synthesis protocols which do 
not require method tuning, inconsistency of the removal of the template molecule after 
synthesis and nonspecific adsorption on the polymer. While this is the case, these limitations 
are being addressed with solutions such as the use of surface imprinting and the use of MIPs 
still shows great potential as sorbent materials for the preconcentration and extraction of 
steroid hormones. 
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ORGANOTIN COMPOUNDS IN THE INDIAN OCEAN: PENDING PROBLEM OR 
RESOLVED ISSUE? 
ABSTRACT 
The extensive of the organotins (OTs) in various industrial applications has resulted in large 
amounts being introduced into environmental compartments particularly oceans and lakes.  
Even though they have been banned in other countries, recent studies have reported the 
detection of elevated concentrations of OTs in lake water, river water, marine water, 
sediments, biota and soil samples. This review provides recent information on the presence of 
OTs in Indian ocean and other seas. Analytical detection techniques such as liquid 
chromatography mass spectrometry, gas chromatography mass spectrometry, electrochemical 
sensor and inductively coupled plasma mass spectrometry are discussed. Sample preparation 
methodologies (solid-phase extraction, solid-phase microextraction, and other 
microextraction techniques) for extraction OTs from difference matrices are covered in this 
review. Moreover, the remaining challenges on the trends for OTs detection and future 
perspectives are discussed. 
Keywords: Organotins; endocrine disruption; tributyltin; analytical methods; marine water; 
3.1 INTRODUCTION 
Organotins (OTs) are organometallic compounds that are used as biocidal chemicals in 
various industrial, domestic and agricultural products for a wide spectrum of microorganisms 
[1]. They are typically made up of a tetravalent tin atom bound covalently to 1-4 organic 
substituents and 1-3 halogen atom based moieties and are represented by the chemical 
formula RxSnLx [2], where R and L are the organic substituents and halogen based organic 
moieties respectively [3]. Organotins can be classified into four groups according to the 
number of organic groups (R) they contain: monoorganotins (RSnL3), diorganotins (R2SnL2), 
triorganotins (R3SnL) and tetraorganotins (R4Sn) [4]. Physical and chemical properties of 
organotins greatly vary, depending not only on the number and nature of the R-groups but the 
type of ligand as well [5]. The nature of the ligand can together with an increase in the 
number and length of the R-group decrease organotins’ solubility in water. Generally, 
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inorganic tin is not toxic, whereas trisubstituted organotins are shown to have maximum 
toxicity [5]. 
Tributyltin and triphenyltin (TPT) are two of the most used Organotins in pest control, 
this is because of their strong biocidal properties [6]. For example, tributyltin (TBT) contains 
(CH)3Sn groups that are used as antifouling agents in paints, disinfectants in circulated 
cooling water, slime control in paper factories and also in wood preservation [7]. About 76 % 
of mono and disubstitituted organotins are used as stabilizers in the plastic industry, for glass 
treatment and in the production of polyurethane foams and silicones as a catalyst [5]. In 
contrast, trisubstituted organotins like trimethyltin (TMT) and triethyltin (TET) are used in 
agricultural pesticides, fungicides and biocides in household items [8]. Biologically, the 
effect of organotins compounds depends on the nature and number of bound organic 
substituents, thus trisubstituted organotins show the highest toxicity [9]. Species of TMT 
have toxicity in fungi and insects, while TET compounds are toxic to mammals [9]. Mono 
and disubstituted organotins are strong neurotoxicants while TBT and TPT can affect all food 
chain trophic levels and are endocrine disrupting compounds which can affect the pituitary, 
gonad and thyroid glands [1]. 
Among all organotins, TBT and TPT are the most toxic as they can be found in all trophic 
levels of the food chain and provide a prime example of endocrine disruption [2,10–12]. 
Areas affected the most by organotin pollution include ports, shipyards and surrounding 
water bodies [13]. This is because organotins can be introduced directly to the environment 
from the antifouling paints used to protect ships [14]. Tributyltin and TPT can reduce 
mussels’ growth, cause anomalies in growth and shell thickening of oysters, dysfunctions in 
the immunology of fish [15]. The concerning effect of organotins in the marine environment 
is via their endocrine disrupting activity leading to imposex [16,17]. Imposex, defined as the 
superimposition of male characteristics in females can be induced even at concentrations as 
low as 1-2 ng L-1 [18]. Imposex can result in females developing male characteristics, 
consequently leading to local extinction of gastropod populations and is regarded as the best 
case study for endocrine disruption in living organisms [15]. Due to this, organotins have 
been banned in United States of America (USA), United Kingdom (UK), Europe, Canada, 
Australia, New Zealand, and Japan since the early 80s and 90s [19,20]. However, because of 
their persistence in sediments, the said restrictions may not be able to solve organotin 
pollution immediately. This is because organotins trapped in sediments can be released back 
into water columns [21]. Thus, their monitoring remains a matter of concern. 
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The primary aim of this paper is to review studies that highlight the determination and 
quantification of organotin compounds. Specifically, to investigate whether the ban of 
organotins has resulted in an organotin free Indian ocean. In extension, the analytical 
methods used for the determination of organotins are also reviewed. 
3.2 ORGANOTINS POLLUTION IN THE INDIAN OCEAN AND SURROUNDING 
AREAS: PENDING PROBLEM OR RESOLVED ISSUE? 
Some of the early organotins studies carried out in the Indian ocean included a study by 
Bhosle [22]. In the study, organotins compounds were studied in biofilm and marine 
organisms from the Dona Paula Bay in the Western part of India’s coast. The samples 
analysed had varying concentrations of organotins, in seawater 21 to 89 ng L-1 was 
determined, in biofilms and animal samples 10 to 822 and 825 ng g-1 were found respectively. 
Another earlier study was also conducted by Bhosle and colleagues [23] in the Mandovi 
estuary, Marmagao harbor and Dona Paula Bay. The study included seawater, sediments, 
suspended particulate matter, biofilm, fish, oyster, mussel and clam.  Another study 
conducted by Jadhav and colleagues where they investigated the levels of butyltins from 
edible marine fish, bivalves, squids, shrimps and crabs collected from Mumbai, Goa and 
Karwar. The average organotins concentrations found on these samples were 108, 825, 79, 
179 and 89 ng g-1.The authors suggested that these levels could pose a threat to humans via 
the contamination of clams [24].  
In 2015, Tributyltin and its degradation products were investigated in 10 biota species 
collected from eastern Saudi Arabia. Organotins from the samples were extracted using 
liquid-liquid extraction followed by GC-MS analysis. The results indicated that TBT and 
DBT had long residence and slow degradation in the biota samples [25]. In the same year 
Hassan and colleagues conducted a study in three fishing harbors (Jubail, Khabar and Qatif) 
where they investigated the concentrations of butyl and phenyltins in sediments. The authors 
concluded that the sediments were contaminated more with phenyltins than butyltins and of 
the three sampled site, the Jubail harbor could be ranked as the most polluted [26].  
Levels of TBT contamination were investigated by Ryan et al in 2013 in the busiest 
commercial hub of the Philippines (Manila Bay). The authors sampled the bivalve Perna 
viridis and marine sediments collected from various coastal areas along the bay. The results 
showed TBT could be detected in all the samples. The highest TBT concentrations were 
observed in parts of the bay closest to industrial establishments and ports. The authors 
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concluded that routine monitoring of organotins is needed in order to evaluate the 
effectiveness of the ban of organotins use as biocides [27]. To further show the influence of 
ship hulls in organotins contamination, a study conducted by Mohamat-Yusuff et al, [28] in 
2016 aimed to find the status of butyltin contamination in sediments after at least 5 years of 
the ban on the use of organotins was imposed in Kong Kong Laut. The study showed that the 
concentrations of butyltins ranged from undetected to up to 945.7 µg kg-1. One of the 
sampling points which was Kong Kong village had the highest TBT and DBT concentrations 
and was in the vicinity of a dock yard. 
3.3 ORGANOTIN DETECTION TECHNIQUES 
Hydride derivatisation and atomic absorption are some of the early detection techniques that 
were used to measure organotins [29,30]. More recently gas chromatography (GC) based 
techniques are preferred and combined with different detectors such as FPD [31] and MS [2]. 
Liquid chromatography (LC) detection has been gaining interest [2]. This is because it 
reduces the chances of uncertainty caused by derivatisation reactions required for GC 
analysis [32]. Early LC detection of OTs was done by Gonzalez-Toledo et al [32] using a 
fluorimetric detector and Wang et al [33] where a normal isocratic elution was done to 
separate triethyltin chloride, triphenyltin and tetraethyltin from flour. The selectivity and 
retention in LC analysis can be manipulated using chemicals such as trimethylamine and/or 
acetic acid added into the mobile phase [34]. In some countries there are no specific 
legislations controlling the levels of OTs, this could be attributed to the complex sample 
preparation techniques required for OTs, the trace levels of OTs in water samples and the 
costs of sensitive instruments [8]. 
3.4 SAMPLE PREPARATION METHODS 
With modern analytical chemistry it is possible to determine an analyte of interest in different 
kinds of sample matrices [35]. Generally, emerging pollutants are present and toxic in the 
environment at low concentrations [36]. This poses a challenge in the determination and 
quantification of such pollutants in the environment [37]. Modern sample preparation has a 
number of advantages over conventional methods, these include reduced solvent use, 
minimised sample degradation as well as reduced sample handling steps thus minimising the 
probability of cross contamination [38]. Monitoring of pollutants at trace or ultra-trace levels 
often requires some form of preconcentration or enrichment of analyte in order to ensure 
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sensitive determination [35]. Hence, the goals of sample preparation include preconcentration 
of analytes to concentrations higher than the instrument’s limits of detection, removal of 
interferences and isolation of the analytes from matrix effects [39]. Results of studies 
conducted on organotins in the Indian Ocean and adjoining oceans are summarised in Table 
3.1. 
3.4.1 Conventional extraction techniques 
3.4.1.1 Solid phase extraction 
Solid phase extraction (SPE) is the most used sample preparation method for extraction, 
fractionation, clean up and preconcentration of ultra-trace environmental pollutants [36]. 
Basically SPE includes loading of the sample onto the solid phase to retain target analytes, 
washing off of interfering substances and elution of target analytes onto a collection 
container. SPE is popular because of its flexibility, simplicity, ease of automation, high 
enrichment factors and high selectivity because of the use of different sorbent materials. 
Al-shatri et al used solid phase extraction for the determination of phenylated tins from 17 
sampling sites in Eastern Saudi Arabia.  The extraction was done using 47 mm fiber C18 disks 
after submerging the samples in a 12 M hydrochloric acid pool for 24 hours. Quantification 
was then done using GC-MS, the authors reported an average concentration of 3.70 g/L for 
the 17 sampled sites. Off-line solid phase extraction for the preconcentration of butyl and 
phenyltins was investigated by Bishop et al in Sydney. The organotins were extracted from 
water and sediments using Bond Elut C18 cartridges, analysis and quantification was achieved 
using liquid chromatography-isotope dilution-inductively coupled plasma-mass spectrometry. 
3.4.1.2 Liquid phase extraction 
Together with SPE, liquid phase extraction is another well studied extraction method. It uses 
the immiscibility of organic solvents in order to extract analytes from water based samples 
into the extractant liquid phase [36,40]. Liquid-liquid extraction was used for the extraction 
of organotins by Jadhav and coleagues [24] where dichloromethane was used as a extracting 
solvent. The analysis of the pollutants was carried out using GC-MS. Jadhav and coleagues 
[41] also described a similar method for the extraction of organotins in water samples while 
sodium hydroxide in methanol was used for a modified liquid-liquid extraction of butyltins in 
biofilm samples. Garg and co-workers employed liquid-liquid extraction for the extraction of 
organotins using dichloromethane for water samples, followed by evaporation of the organic 
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phase with sodium sulphate and isooctane. While for sediment samples, the authors freeze-
dried the samples before LLE with 0.03 % tropolone in methanol and HCl, quantification was 
achieved using GC-MS. the following authors among others  Al-shatri and coworker, 
Alkandari and coworkers [42,43] have also analysed organotins in the Arabian coasta 
regions.  
Table 3.1 shows that tradition sample preparation methods such LLE and SPE combined with 
GC coupled with different detectors are mostly used for the quantification of OTs in 
environmental compartments. The combination of sample pretreatment methods with GC 
techniques allowed sensitive and accurate quantification of trace amounts OTs in sediments 
and water matrices. In this Table, the majoriry of the studies on the occurance of OTs in the 
environment has been conducted in Arabian region. Moreover, the studies demonstrated that, 
the Indian ocean region had higher concentration of OTs [45-47] as compared arabian region 
[25, 26, 42, 43]. The occurrence of OTs in these regions might be due to the extensive use 
cargo shipping. Furthermore, the findings in Table 3.1 also reveal that tributyltin and 




Table 3.1: Summary of other organotin studies in the Indian Oceans and adjoining oceans.  









Arabian Biota LLE GC-MS Mono, di and tributyltin 4.085-11.73 ng g-1 9.3-12.9 ng g-1 [25] 
Arabian Water SPE GC-MS Tibutyltin and triphenyltin 0.12-1.9 µg L-1 5.2-11 ng L-1 [42] 
Arabian Sediments LLE GC-MS Mono, di, tri and tetrabutyltin 0.622-1.242 ng g-1  [43] 
Adaman Sediment LLE GC-FPD Mono, di and tributyltin 7-593 ng g-1 1-2 ng g-1 [44] 
Arabian Sediment MASE GC-MS Mono, di, tributyltins and mono, 
di, triphenyltins 
12-330 ng g-1  [26] 
Asian Sediment LLE GC Mono, di and tributyltin Nd- 945.7 µg kg-1  [28] 
Indian  Water and 
sediment 
LLE GC-ICP-MS Mono, di and tributyltin 0.3-30.4 ng L-1 






Indian Sediment LLE GC Mono, di and tributyltin 26.4-84.2 ng g-1  [46] 
Indian Water and 
sediment 
LLE GC-MS Mono, di and tributyltin 1.7-342 ng L-1 





3.4.2 Miniaturised extraction techniques 
The conventional extraction methods for organotins are time consuming and require high 
solvent volumes and some of the solvents are not environmental friendly. Hence research has 
diverted to microextaction techniques. Liquid phase microextraction and solid phase 
microextraction have been recently employed in the extraction of Organotins from water, due 
to their use of low solvents (preferable green solvents) and their sensitivity. Due to the 
scarcity of microextraction done in the Indian Ocean, a number of papers based on organotin 
research from other oceans is reviewed in this section, mainly focusing on solid phase and 
liquid phase microextraction. 
3.4.2.1 Solid phase microextraction 
Solid phase microextraction (SPME) was proposed for the first time in 1990 by Pawliszyn 
and Arthur [48]. By definition SPME is regarded as an extraction technique that only uses a 
small amount of the solid phase relative to the sample amount [36]. Solid phase 
microextraction is a reliable, effective and miniaturized alternative to SPE [49]. SPME is 
used with headspace sampling (HS-SPME) or direct immersion (DI-SPME) with 
polydimethylsiloxane (PDMS) as the preconcentration phase. In 2013, Coscolla et al 
explored the use of HS-SPME for the determination of organotins in marine water samples 
collected from Valancia, Spain. The authors reported good linearity with coefficient of 
determination greater than 0.99 and repeatability in the range 1-25 % for all the studied 
compounds using GC-MS [50]. Stirbar sorptive extraction (SBSE) has also been shown to be 
an effective method for organotins in harbour samples by Devos and coworkers [51]. This 
form of SPME was coupled with quantification using GC-GC-MS/MS and was found to have 
linearity in the range 50 ng g-1 to 4 ng L-1, limit of detection at 11 pg L-1 and an RSD below 
20 %. SBSE in combination with LC-MS/MS was also by Camino-Sánchez and coleagues 
[52]. Table 3.2 shows that HS-SPME combined with GC-MS is the mostly used SPME mode 




Table 3.2: Summary of solid phase microextraction based methods used for the quantification of organotins.  





HS-SPME Mono, di and tributyltin GC-MS/MS 3 ng g-1 [53] 
HS-SPME Mono, di, tributylyin and mono, di, 
triphenyltin 
GC-MS/MS - [50] 
SPME Trimethyltin chloride, tributyltin chloride 
and triphenyltin chloride 
Raman 
spectrocopy 
0.1 – 6.9 µg L-1 [54] 
HS-SPME Methyltin, butyltin, phenyltin and octyltin in 
human urine 
GC-PFPD 0.5 – 11.5 ng L-1 [55] 








3.4.2.2 Liquid phase microextraction 
One of the twelve principles of green chemistry is minimization of solvent volume. The 
miniaturisation of LLE has given rise to efficient microextraction methods for 
preconcentration and extraction using few microliters of extracting solvent. In liquid phase 
microextraction, the extraction is driven by the exchange of the analytes from the liquid 
sample to the water-immiscible acceptor phase (solvent). Liquid phase microextraction is 
derived from liquid-liquid extraction and has been widely studied due to high 
preconcentration factor and elimination of solvents used in the extraction method. 
Amenda and co-workers in 2017 [58] reported a liquid-liquid microextraction method for 
the determination of tributyltin in seawater. Gas chromatography-triple quadrupole mass 
spectrometry was used for analyte quantification. The reported highlights included total 
recovery of 74 %, RSD below 20 % at 0.05 ng L-1 and an impressive 0.002 ng L-1 
quantification limit for TBT. In the same year, a dispersive liquid-liquid microextraction 
method was used for the determination of butyl, phenyl and octyltin in sediments collected in 
the Chilean coastal region by Bravo and coworkers [59]. The extraction was done using 
methanol and tetrachloroethylene as disperser and extraction solvents respectively and GC-
FPD resulting in 0.3-1.0 ng L-1 limits of detection and 2-6 % RSD. Table 3.3 shows other 




Table 3.3: Summary of liquid-liquid extraction based methods used for the quantification of organotins. 







Tributyl, dibutyl and monobutyltin (MBT) GC-MS 0.4 – 0.7 µg L-1 [60] 
LLE  Triethyl-lead and tributyl-tin species from 
urine samples 
GC-MICP 0.48 µg L-1 [61] 
DLLME methyltins GC-MS 0.08 – 0.13 ng L-1 [62] 
LLE Mono, di, tri, tetrabutyltin, mono, di and 
triphenyltin 
GC-MIP-AED 0.42 – 0.13 µg L-1 [63] 




0.13 ng g-1 [64] 




3.4.3 Other organotin extraction techniques 
The analysis of organotins has been shown to be possible with other non-conventional 
sample preparation methods. These methods include diffusive gel in thin film, membrane 
technology, electrophoresis and sensors among others. This section covers some of the 
mentioned methods in brief. Diffusive gel in thin film (DGT) is based on the diffusion and 
accumulation of an analyte through a membranes-diffusive layer and ion-exchange resin 
where a hydrogel and membrane filter are used as the diffusive layer [65]. Cole and 
colleagues in 2018 developed a DGT method for the quantification of organotins in 
sediment pore water collected in a harbour in the United Kingdom. The authors reported 
recoveries ranging from 58 to 128 % using GC-MS and DGT fluxes between 4.3 x10-8 and 
6 x 10-6 ng cm2 s-1 [66]. A more traditional membrane based determination of organotins 
was carried out by Bravo and colleagues [67] where a nylon based membrane was used in 
conjunction with fluorescence spectroscopy. 
Molecular imprinting is the chemical synthesis of a polymer by copolymerising it with 
a crosslinker and template molecule (analyte of interest), resulting in a polymer with 
complementary binding sites that can recognise and rebind the target analyte [68].The use 
of molecularly imprinted polymers has been shown to be effective in the determination of 
organotins in SPE [69] and sensor based [70,71] procedures. Chemosensors have also been 
explored for their determination of organotins by Niu and coworkers [72].  
Capillary electrophoresis separates ions based on their migration under an external 
electric field. A narrow capillary column is used as the separation technique to separate and 
resolve analytes before analysis [73]. Di Yang and colleagues [74] in 2010 demonstrated 
the possibility to use capillary electrophoresis with inductively coupled plasma mass 
spectrometry for the determination of organotins. Studies conducted by Malik and 
colleagues [75] and Jorge et al, 2014 also show the use of capillary electrophoresis in the 




The challenges in the control and monitoring of organotins are discussed in a number of 
reviews [26,59,76]. These include the half-life of the pollutants [2,60]. Organotins can 
persist in water for long periods. This is because they can be absorbed by sediments in the 
marine environment and then later gradually released back into the water column overtime 
[58,67]. Thus, understanding their trace level behaviour possess a challenge to analytical 
chemists. The pathways of entry of organotins also contribute to the difficulty in the 
monitoring of organotins, these include leaching, chemical transformation, industrial 
emission and biomagnification [77–79]. It has been demonstrated that organotins can travel 
long distances from the point of first contact with the environment and end up 
contaminating soils and ground water along the way as they are stable in the atmosphere 
[5,80]. The analysis of organotins brings another challenge in their quantification. 
Traditionally organotin analysis has been done using gas chromatography combined with 
different techniques such as electron capture detection, flame photometric detector and 
mass spectrometry. The limitation with GC analysis is the need for derivatisation which is 
often time consuming and results in varying derivatisation yields for different organotins 
[81]. High performance liquid chromatography can eliminate some uncertainty related to 
the use of GC as there is no need for derivatisation which significantly reduces analysis 
time [5]. However, Ma et al [82] reported that HPLC methods had less sensitivity in 
comparison to GC-MS methods. 
3.6 CONCLUSIONS AND PERSPECTIVES 
The presence of organotins in the environment especially water has been shown to have a 
negative impact not only on marine organisms, but also have been said to affect organisms 
in all trophic levels of the food chain. The use of organotins has been banned in many 
countries because of their strong endocrine disrupting properties. Research has shown that 
even years after the ban on the use of organotin they are still detected in the marine 
environment. The suggested reason for this is sequestration and gradual release by 
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sediments. In this review, we have shown that organotins are still detectable in the Indian 
Ocean as well as in other oceans around the world. The methods used for the detection and 
quantification of organotins have been reviewed. There is still a gap in studies directly 
conducted in the Indian Ocean, especially the South African KwaZulu-Natal coastline 
which is one of the busiest in Southern Africa. As a result, following from this review, the 
next step is to collect samples from the mentioned coastline in order to investigate whether 
the ban of organotins has resulted in their absence from the Indian Ocean. 
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CHAPTER FOUR: BETA-CYCLODEXTRIN DECORATED MAGNETIC 
ACTIVATED CARBON AS A SORBENT FOR EXTRACTION AND ENRICHMENT 
OF STEROID HORMONES FOR LIQUID CHROMATOGRAPHIC ANALYSIS 
ABSTRACT 
A β-cyclodextrin decorated magnetic activated carbon adsorbent was prepared, characterised 
using X-ray diffraction (XRD), Scanning electron microscopy-electron diffraction 
spectroscopy (SEM-EDS) and Transmission electron microscopy (TEM) and used in the 
development of a magnetic solid phase microextraction method for the preconcentration of 
steroid hormones (Estrone, β-estradiol, hydrocortisone and progesterone) in waste and river 
water samples. This method was optimised using the central composite design in order to 
determine the experimental parameters affecting the extraction procedure. The quantification 
of hormones was done using high performance liquid chromatography equipped with a 
photodiode array detector (HPLC-DAD). Under optimum conditions, the method proved to 
be linear between the LOQ-300 µg L−1 with correlation coefficients between 0.9969-0.9991. 
The limits of detection and quantification were 0.01-0.03 and 0.033-0.1 µg L−1 respectively, 
with intraday and interday precisions at 1.1-3.4 and 3.2-4.2. The equilibrium data proved best 
fitted into a Langmuir isotherm model with high adsorption capacities. The developed 
procedure demonstrated a high potential as an effective technique for use in wastewater 
samples without significant interferences and the adsorbent could be reused up to 8 times. 
Keywords: Βeta-cyclodextrin decorated magnetic activated carbon; magnetic solid phase 
extraction Response surface methodology; Hydrocortisone; Hormones; Wastewater 
4.1 INTRODUCTION 
Steroids occur naturally in microorganisms, animals and plants, where they primarily contain 
three clycohexane and one pentagonal carbon ring attached to different functional groups and 
side chains [1]. The steroid hormones are all derivatives of cholesterol and are also low 
molecular weight lipophilic compounds [2,3]. Hormones can be broadly classified as either 
natural or synthetic [3]. Furthermore, they are divided into different families including 
mineralocoricoids, glucorticoids, androgens, estrogens and progesterone [4]. Glucocorticoids 
have been used as anabolic growth promoters due to their metabolic properties [5]. 
Hydrocortisone is a corticosteroid belonging to the glucocorticoid family. These types of 
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hormones have found use in human medicine because of their immunosuppressive and anti-
inflammatory properties [6,7]. Hydrocortisone is naturally produced by the adrenal cortex as 
a stress exposure response [8]. Hydrocortisone also takes part in the metabolism of fat, 
protein and carbohydrates [8]. Estrogens such as estrone (E1), 17-β-estradiol (E2) and estriol 
(E3), are steroids hormones that are responsible for the upkeep of the health of breast, skin, 
brain and reproductive tissues [9]. Physiologically, progesterone (PRO) works as an estrogen 
hormonal balancer and is involved in the menstrual cycle, pregnancy and embryogenesis 
[10]. However, high levels of these hormones can increase the risk of osteoporosis, have 
neurotoxic effects on the central nervous system [11], decrease reproductive performance and 
rate of fertilisation on fish [12] and have potential carcinogenic effects on humans [13]. They 
are also considered as an endocrine disruptor which can cause adverse effects on wildlife and 
humans by interacting with the endocrine system [14]. 
In recent years, traces of some steroid hormones have been found in food, these can be 
traced back to the use of hormones as growth promoters of animals in both industry and farm 
animals because of their anabolic effects [15,16]. This is of great concern as the presence of 
these compounds in food and abnormal hormone exposure can in fact, negatively affect some 
organs and systems such as the cardiovascular system, tissues and nervous system [17]. Thus, 
the EU and other countries such as China prohibit the use of hormones, because of their 
potential to be endocrine disruptors on both wildlife and humans [15,17]. While the use of 
hormones has been banned, they can at times be found in compound cocktails in order to 
escape surveillance thus resulting in residues of such chemicals being found in the 
environment [18]. As a result, highly sensitive and selective analytical methods are a demand 
for the determination of these hormones. 
The most common methods for the determination of hormones include chromatographic 
methods such as gas chromatography (GC) and liquid chromatography (LC) combined with 
varying mass spectrometry detectors for example quadrupole [19], orbitrap mass 
spectroscopy [3], and electrospray ionisation mass spectroscopy amongst others [17]. 
However, due to complexity of sample matrices, sample preparation is necessary in order to 
determine trace hormone residues [18]. Therefore, different sample preparation techniques 
have been used for extraction of hormones from various sample matrices. These include, but 
not limited to solid phase extraction [20], liquid-liquid extraction and hollow-fiber liquid 
phase microextraction [21]. Solid phase extraction is one of the vastly used sample 
preparation techniques [22]. As a consequence of its advantages such as ease of operation, 
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high enrichment factors and various sorbent material, SPE is an attractive sample preparation 
technique for analytical chemists [23]. 
Activated carbon (AC) is one of the most used materials for the removal and extraction 
of organic pollutants [24]. Powdered activated carbon can be made from a range of organic 
materials and are reported to have functional groups that can absorb organic compounds, well 
defined porosity and high specific surface areas [25]. Generally, AC is light in weight such 
that separation from aqueous solutions is a challenge. Thus, for practical application, 
combining AC powder with magnetic nanoparticles provides simple and quick use and reuse 
of AC [26]. Βeta-cyclodextrin (β-CD) is a cyclic oligosaccharide with hydrophobic inner 
cavities which can form host-guest interactions by the aid of supramolecular interaction 
between β-CD and the analyte of interest [27,28]. Due to their attractive features such as 
unique cavity, cost effectiveness, non-toxicity, biodegradability and renewable properties, β-
CD has proven to be an exceptional adsorbent [29–32]. However, β-CD is highly soluble in 
water. For this researchers have resolved this challenge by incorporation it in a composite 
[29,30] or by crosslinking or immobilization [31]. 
In this study, the combination of magnetic activated carbon and β-CD as an adsorbent for 
solid phase extraction of selected steroid hormones in water samples prior to high 
performance liquid chromatography-diode array detector (HPLC-DAD) has been reported for 
the first time. The incorporation of magnetic activated carbon and β-CD solved the problems 
of water-solubility of β-CD and difficulties of recovering activated carbon after use. In 
addition, the composite combined the benefits of hydrophobic cavity of β-CD, high specific 
surface area of activated carbon and magnetic properties of magnetite nanoparticles. The 
HPLC technique was chosen as an analytical method of choice due to its ease of operation 
and that no derivation step is required prior to analysis [33]. However, at trace levels, the 
HPLC technique encounters limitation in the detection of some organic compounds. As a 
result, a modified yet simple version of SPE was introduced as a sample preparation 
technique, where SPE was primarily selected for its inclusive nature for the use of modified 
adsorbents in order to increase selectivity of the method [34]. The adsorbent was 
characterised by X-ray diffraction, scanning electron microscopy and transmission electron 
microscopy. The parameters affecting the extraction and preconcentration of the steroid 
hormones were investigated using response surface methodology.  
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4.2 MATERIALS AND METHODS  
4.2.1 Materials and reagents 
Hydrocortisone (HYD), β-estradiol (E2), progesterone (PRO) and estrone (E1) were obtained 
from Sigma-Aldrich (St. Loius, MO, USA). The physical properties and chemical structure of 
the analystes are presented in Table 4A1 (Chapter 4 appendix). Sodium hydroxide, acetic 
acid (99.9 %), methanol (HPLC grade), ferrous sulphate, ferric (III) chloride and β-
cyclodextrin were all purchased from Sigma Aldrich. A 20 mg L-1 mixed hormone stock 
solution was prepared by dissolving an appropriate amount of the analyte in HPLC grade 
methanol and was kept chilled at 2 ℃. Standard solutions were prepared daily by diluting the 
stock solution with ultra-pure water (Direct-Q® 3UV-R purifier system, Millipore, Merck). 
4.2.2 Instrumentation  
All pH measurements were done using an OHAUS ST series pen pH meter. The adsorption 
studies were carried out using the Branson 5800 Ultrasonic Cleaner (Danbury, CT, USA).A 
scanning electron microscopy (SEM, TESCAN VEGA 3 XMU, LMH instrument (Czech 
Republic) coupled with energy dispersive x-ray spectroscopy (EDS) was used to study the 
morphology and elemental composition of the adsorbent at an accelerating voltage of 20 kV. 
The transmission electron microscopic image was captured using (TEM, JEM-2100, JEOL, 
Tokyo, Japan). 
An Agilent high performance liquid chromatography (HPLC) 1200 Infinity series, 
equipped with a photodiode array detector (Agilent Technologies, Waldbronn, Germany) was 
used for all analysis. The separation was done using an Agilent Zorbax Eclipse Plus C18 
column (3.5 μm × 150 mm × 4.6 mm) (Agilent, Newport, CA, USA) operated at an oven 
temperature of 25 °C. The chromatograms were recorded using using a 1.00 mL min-1 flow 
rate, solvent mixture of 55 % mobile phase A (water) and 45 % mobile phase B (acetonitrile), 
an adsorption wavelength of 260 nm using an isocratic elution system. 
4.2.3 Collection of Samples 
Wastewater samples (influent and effluent) were collected from a nearby urban wastewater 
treatment plant (Gauteng, South Africa) between 2018 and 2019. The river water samples 
were obtained from a river that receives WWTP effluent water. All samples were collected 
using cleaned 200 mL glass bottles and kept at 2 °C until use.  
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4.2.4 Preparation of β-cyclodextrin decorated magnetic activated carbon 
Iron solutions of 0.75 mol L−1 FeCl3 and 0.5 mol L
−1 FeSO4.7H2O were prepared separately. 
The iron solutions were dissolved at Fe3+/Fe2+ratio of 2:1 and stirred for 5 min. Then 4 g of β-
cyclodextrin and activated carbon (already prepared by Dimpe and colleagues [35]) were 
mixed via vigorous stirring and heated at 70 ºC. Subsequently, a 5 mol L−1 NaOH (50 mL) 
was added to the above solution and heating continued at 70 ºC for 30 min. A magnet was 
used to remove the black precipitate formed during the changing the colour of mixture. The 
mixture was washed repetitively with a mixture of ethanol and water (50 % v/v) solution to 
eliminate impurities. Finally, the obtained magnetic material was dried in an oven at 80 °C 
for 24 hours before use. 
4.2.5 Ultrasound assisted magnetic solid phase microextraction procedure 
An appropriate amount of adsorbent was measured accurately into a glass vial with cap, 5 mL 
of the sample was then added into the adsorbent. Thereafter the adsorbent was dispersed 
using ultrasound in an ultra-sonic water bath for the specified amount of time. After the time 
had elapsed, the supernatant was discarded with separation achieved with the aid of an 
external magnet. The analyte was then eluted using HPLC grade methanol before analysis. 
4.2.6 Optimisation of extraction procedure 
A multivariate optimisation approach was used for the optimisation of the sample preparation 
procedure. The optimisation strategy was based on a 24-1 fractional factorial design and 
central composite design to determine the experimental parameters that were significant for 
the preconcentration of steroid hormones. Table 4.1 and 4.2 shows the summary of the 











Factors Low level (-1) Central point (0) High level (+1) 
Mass of adsorbent (MA) (mg) 10 30 50 
pH 4 6.5 9 
Extraction time (ET) (min) 10 20 30 
Eluent volume (µL) 400 700 1000 
Table 4.2: Parameter and levels used in central composite design 
Parameters  -α Low level  Central point  High level  +α 
Mass of adsorbent (MA) (mg) 4.25 10 30 50 55.74 
Extraction time (ET) (min) 7.12 10 20 30 32.87 
Eluent volume (µL) 313.8 400 700 1000 1086 
 
4.2.7 Adsorption and reusability 
The adsorption experiments were done according to method described in Mashile and 
colleagues [36] briefly; 15.9 mg of adsorbent was weighed and transferred into nine sealable 
glass containers. Then 5 mL of stock solutions with varying concentrations (namely 1-10 mg 
L-1) were then added into the adsorbent. Agitation of the solution by an ultrasonic water bath 
was performed for 20 min, thereafter the adsorbent and supernatant were separated with the 
aid of an external magnet. Analysis of the supernatant (1 mL) was then carried out using 1 
mL of the HPLC-DAD. In addition, the  reusability of the adsorbent was also investigated by 
appropriate modification of a method described by Nyaba and coworkers [37]. 
4.2.8 Method Validation  
After the determination of the optimum conditions, the developed method was validated 
according to Hoga and colleagues [38]. Under optimum conditions, the analytical figures of 
merit of the described method were evaluated using the limits of detection and quantification 
(LOD and LOQ) using the expressions: LOD = (3×Sd)/s and LOQ = (10×Sd)/s, where Sd and 
s were the standard deviation of 10 replicate measurements at the lowest calibration 
concentration and slope respectively. The linear ranges (LR), correlation coefficient (R2) and 
enrichment factor were also determined using prepared sample solutions in the range (50 – 
500 µg L-1). The precision of the method was also investigated in terms of repeatability and 
reproducibility. The intra-day precision (repeatability) (n =15) and inter-day precision 
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(reproducibility, n = 7 working days). Validation of the developed method was done using 
spiked real sample recoveries due to the absence of certified reference materials (CRM). 
Briefly, the water samples were spiked at two levels (1 and 5 µg L-1). The developed method 
was then applied on the unspiked and spiked water samples.  
4.3 RESULTS AND DISCUSSION 
4.3.1 Characterisation 
4.3.1.1 Scanning electron microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy 
(EDS) 
Analysis of the morphology of the prepared composite was carried out using SEM. The 
obtained image shown in Figure 4.1. Where, small aggregates were obtained, as a result of 
the magnetic iron present [39]. Analysis of the material’s elemental composition was 
performed using EDS, whereby the expected elements resulting from the composite 
components were observed in their respective peak emissions and the results for the analysis 




Figure 4.1: SEM image and EDS microgram for β-cyclodextrin decorated magnetic activated 
carbon. 
4.3.1.2 Characterisation of adsorbent by Transmission electron microscopy 
Transmission electron microscopy (TEM) was used to study the in-depth structural views of 
the adsorbent material and captured in images presented by Figure 4.2. The resulting  TEM 
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images proved similar as that shown by corresponding images  described by Filippou and 
coworkers [40], where the iron nanoparticles were  attached on the activated carbon powder 
which is seen on the image as the darker surface [39]. Similarly, with the SEM images, the 
material was aggregated as on the TEM capture. 
  
  
Figure 4.2: Transmission electron microscopy images of β-cyclodextrin-magnetic activated 
carbon adsorbent at different magnifications (A) 200 nm and (B) 100 nm. 
4.3.1.3 X-Ray diffraction spectroscopy 
To investigate the crystalline structure of the adsorbent, X ray diffraction was used , based on 
reviewed literature the expected diffraction peaks would be those of the magnetic iron [40], 
the activated carbon [35] while β-cyclodextrin did not have an affect the XRD patterns [41]. 






Figure 4.3: XRD diffraction pattern of the prepared. 
 
4.3.2 Optimisation of the MSPME method 
4.3.2.1 Selection of adsorbent 
Considering that the activated carbon and cyclodextrin have large surface areas and inherent 
porous structure, their combination should be able to serve as an ideal adsorbent for the 
effective extraction of emerging pollutants. In this work, β-cyclodextrin decorated magnetic 
activated carbon composite was prepared and used as adsorbent for preconcentration of 
steroid hormones. In order to investigate the adsorption capabilities of the composite, the 
performance of the adsorbent for extraction of selected steroid hormones was compared with 
the activated carbon, magnetic nanoparticles, β-cyclodextrin and composite under the same 
conditions. The results shown in Figure 4.4 revealed that the composite displayed better 
adsorption capabilities compared to activated carbon, magnetic activated carbon and β-
cyclodextrin. The impressive adsorption capabilities of the composite for the selected 






Figure 4.4: The adsorption performance of activated carbon, magnetic activated carbon, β-
cyclodextrin and composite. Experimental condition: Mass of adsorbent (20 mg), extraction 
time (30 min), eluent volume (1.0 mL), sample pH (6.5), elution time (10 min); sample (5 
mL), eluent type (methanol), initial concentration (200 µg L˗1). 
 
4.3.2.1 Screening process using two level fractional factorial design 
The most influential parameters were screened using a two-level fractional factorial design. 
Fractional factorial designs, the number of experiments is given by 2k-p where k is the 
number of variables being studied and p is the indication of fractionation. FFD is used to 
check the preliminary significance of parameters of interest. This is done by estimating main 
effects and their interactions while considerably reducing the number of conducted 
experiments [42]. These factors were mass of adsorbent, sample pH, extraction time (ET) 
which was the time the samples were kept in the ultrasonic bath and eluent volume (EV). 
Table 4A2 presents the experimental design matrix with analyte percentage recoveries (% R) 
as their respective response. 
The results in Table 4A2 were analysed by the aid analysis of variance (ANOVA) to 
determine which factors and interactions had significance in the extraction of selected 
steroids. These results are presented in Figure 4.5 as a Pareto chart. A factor is considered 
significant on a Pareto chart, when the bar of that respective factor had crossed the red line 
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which is considered as the 95 % confidence level [43,44]. In this case according to the 
obtained Pareto chart, the factors which affected the extraction of E1, E2 and PRO were MA 
ET and EV and the interaction between pH and EV. For the preconcentration of HYD, MA 
and EV and interaction between pH and EV were significant at 95% confidence level. The 
effect of pH was found to be significant for E1 but not significant for E2, HYD and PRO. 
This could be a result of the formation of inclusion complex formed by β-cyclodextrin’s 
interior cavity and the analyte in its molecular state (pH lower than pKa, pKa presented in 
Table 4A1) resulting in hydrogen bonds interactions as well as π-π interactions between the 
analyte and glucose monomers of β-cyclodextrin [45,46]. Thus, with further optimisation, 
central composite design (CCD) was used to optimise the effect of MA, ET and EV. 
 
 
Figure 4.5: Pareto chart of standardized effects for variables in the preconcentration of steroid 
hormones A – E1, B – E2, C – HYD and D – PRO. (1)pH of working solution, (2)MA: mass 
of adsorbent, (3)EV: eluent volume, (4)ET: extraction time, 1by4: pH-ET interaction, 1by2: 
pH-MA interaction, 1by3: pH-EV interaction. 
4.3.2.2 Response surface methodology and desirability function 
For further optimisation of the significant factors, central composite design method based on 
the surface response methodology (RSM) was used, where the three parameters (namely, 
MA, ET and EV) were optimised. Figure 4.6a & b show the combined effect of MA with ET 
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and EV on the % R. The results obtained indicate that better recoveries were obtained when 
the mass of adsorbent was greater than or equal to 10 mg. In addition, Figure 4.6a& c 
demonstrated that quantitative recoveries of target analytes were possible with an EV ranging 
from 400 -1000 µL. The extraction time was found to be insignificant, suggesting that any 
time above zero, could lead to quantitative recoveries. Finally, the interactions between ET 
and EV (Figure 4.6c) as well as ET and MA show that EV and MA (Figure 4.6b) were the 
main contributors in the extraction and preconcentration of steroid hormones.  
 
 
Figure 4.6: Three dimensional response surface plot showing the result of the interaction of 
(A) eluent volume (EV) and mass of adsorbent (MA), (B) extraction time (ET) and MA and 
(C) EV and ET on % R 
Response surface 3-D plot shown in Figure 4.6 along with the profiles for desirability (Figure 
7) were also used to determine the optimum conditions for the extraction procedure. Wherein 
desirability of 1.00 was assigned to a maximum recovery of 98.1 %, 77.1 % was assigned to 
desirability of 0.5 and minimum % R of 55.4 % was associated with desirability of 0. A score 
of 1 for the factors was to be associated with the value required in order to achieve maximum 
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extraction recovery [47]. The values for each factor were found to be 30 mg for MA, 893 µL 
for EV and 32 minutes for ET. Therefore, the overall optimum conditions used for the 
extraction procedure were a pH, MA, ET and EV of 7, 30 mg, 32 minutes and 893 µL 
respectively. The determined optimum conditions were validated experimentally, and the 
determined recovery was 99.3 ± 0.43 which agrees with RSM model prediction at 95% 
confidence level.  
 
 
Figure 4.7: Profiles for desirability for the extraction of hormones  
4.3.3 Analytical performance of MSPME-HPLC-DAD method 
Under optimum conditions, the analytical figures of merit of the described method were 
evaluated using the limits of detection and quantification (LOD and LOQ). The linear ranges 
(LR), correlation coefficient (R2) and preconcentration factor were also determined using 
prepared sample solutions and presented in Table 4.3. The method was found to be linear for 
the analytes between the range LOQ – 300 µg L-1 with correlation coefficients (R2) 0.9988, 
0.9991, 0.9969 and 0.9987 for E1, E2, HYD and PRO respectively. The LODs for E1, E2, 
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HYD and PRO were found to be 0.01, 0.02, 0.03 and 0.02 µg L-1 while the LOQs for the 
same compounds were 0.033, 0.067, 0.10 and 0.067 µg L-1. the method precision in terms of 
the inter-day and intra-day were found to be 2.3, 2.5, 1.1, 3.4 and 4.4, 3.5, 3.2, 4.2 for E1, E2, 
HYD and PRO respectively. The enrichment factors for the analytes were 93, 81, 90 and 91. 
The performance of the method was then further compared to other solid phase methods 
reported in literature in Table 4.4. The current method was found have better LOD and 
precision compared to those reported by Liao and colleagues and Sampaio and coworkers 
[48,49]. Furthermore, the analytical performance was comparable to those reported by other 
researchers [50–52]. However, the LOD was higher than those reported elsewhere [6,53] 
 
Table 4. 3: Analytical performance of the developed preconcentration method. 
Analytical characteristics  E1  E2 HYD  PRO 
Linearity (µg L-1) 0.04-250 0.7-300 0.1-250 0.07-200 
Correlation coefficient (R2) 0.9988 0.9991 0.9969 0.9987 
Limits of detection (µg L-1) 0.01 0.02 0.03 0.02 
Limits of quantification (µg L-1) 0.033 0.067 0.10 0.067 
Enrichment factor  93±2 81±3 90±2 91±2 
Recovery (%, mean ± RSD, n= 6) 99.1±2.5 98.5±3.1 98.9±2.1 97.5±3.1 
Intraday precision (n = 10 
measurements), %  
2.3 2.5 1.1 3.4 
Interday precision (n = 5 working days), 
% 
4.4 3.5 3.2 4.2 
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Table 4.4: Analytical performance comparison between current method and literature reported methods. 
Analyte Matrix Analytical technique LOD (µg L−1) RSD Reference 
Steroid hormones Water samples SPE-LC-APCI-MS/MS 0.0058-0.015 1-22 [50] 
E2 Water and urine samples SPME-HPLC 0.12 <8 [48] 
E1, E2 wastewater SPE-GC-MS 0.011-0.060 0.10-0.28 [51] 
Estradiol, testosterone, PRO,HYD River water ETA-SHS-ME-HPLC-UV 0.002-0.0017  [54] 
E1, E2 Wastewater SPE-HPLC-MS 0.004-0.014  [52] 
E1, E2 Wastewater  RDSE-GC-MS 0.003-0.006 5-9 [53] 
E1, E2, PRO Surface water SPE-GC-MS 0.13-0.3 0.2-22 [49] 
E1, E2, PRO Wastewater and river water SPE-HPLC-MS/MS 0.00002-0.0009 <15 [6] 




4.3.4 Validation and application 
4.3.4.1 Spike recovery test  
In order to validate the proposed method spiked influent wastewater samples and spiked 
recoveries were preferred due to unavailability of certified reference material (CRM) for 
hormones. The results that are presented in Table 4.5 and show that the proposed method 
showed good recoveries of 95 – 99.1 % in influent, 93.5 – 102 % in effluent and 96.6 – 103 
% in river water. 
4.3.4.2 Determination of selected steroid hormones in wastewater (influent and effluent) 
and river samples  
Based on the acceptable recovery test results, the developed analytical method was applied 
for extraction and preconcentration of steroid hormones in influent, effluent and river water 
samples collected from an urban wastewater treatment and nearby river. The obtained 
results are summarized in Table 4.6. The results showed that E1, E2 and PRO were 
detected in wastewater influent and effluent as well as river water samples while HYD was 
only detected in wastewater samples. In the wastewater samples, the mean concentrations 
ranged from 32.3-35.9 ng L−1, 1132-2414 ng L−1, 1.07-2.50 ng L−1 and 3.92-6.35 ng L−1 for 
E1, E2, HYD and PRO, respectively. The presence of E1, E2 and PRO in river water 
samples could be due to incomplete removal of these hormones during the treatments 
process. The obtained results proved that combining less sensitive chromatographic 
technique such as HPLC-DAD with MSPME (preconcentration method) could lead 
accurate quantification of E1, E2, HYD and PRO at ultratrace level (nanograms per litre 
levels).   
The results obtained in this study were compared with those reported by other 
researchers. Nind and colleagues [55] reported E1, E2, PRO concentrations in South 
African influent (E1: <ILOD-35.96 ng L−1; E2: 66.45-2206 ng L−1; PRO: ILOD-14.5 ng 
L−1 ) effluent ( E1: <ILOD-60.83 ng L−1; E2: 154.1-7133 ng L−1; PRO: ILOD-4.03 ng L−1) 
and river water (E1: 7.12-63.04 ng L−1; E2: 134.7-644 ng L−1; PRO: ILOD-2.20 ng L−1). 
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These values were comparable or higher than the results obtained in the current study. 
Merlo and colleagues [6] conducted a study on the determination of E1, E2 and PRO in 
river water and WWTP effluent collected from high-density populated areas of Northern 
Italy. Their concentration (E1: 14-76 ng L−1; E2 <MQL-34 ng L−1; PRO: 4-10 ng L−1) were 
lower than the ones obtained in this study. The concentrations of E1 and E2 in Chilean 
wastewater (influent and effluent) samples were found to be 15-16 and 0-48 ng L−1 [53]. 
Sampaio and colleagues [49] investigated E1, E2 and PRO at concentrations ranging from 




Table 4.5: Validation parameters of the preconcentration method in water samples (n=3). 
Analytes    Influent   Effluent  River   
 Added(µg L-1) Found (µg L-1) %R Found (µg L-1) %R Found (µg L-1) %R 
E1 0 0.120±0.005   0.0631±0.001   0.037±0.001   
 1 1.07±0.04 95.2±3.7 1.03±0.02 97.1±1.9 1.02±0.03 98.2±2.9 
 5 4.96±0.12 96.7±2.4 4.98±0.15 98.3±1.2 4.96±0.13 98.5±2.6 
E2 0 2.41±0.11   1.67±0.02   0.52±0.01   
 1 3.39±0.08 97.8±2.4 2.65±0.05 98.3±1.9 1.51±0.05 98.5±3.3 
 5 7.37±0.14 99.1±1.9 6.77±0.21 102±3.1 5.67±0.21 103±3.7 
HYD 0 ND   ND   ND   
 1 0.96±0.03 95.6±3.1 0.97±0.04 96.7±4.1 0.99±0.04 98.5±4.1 
 5 4.87±0.11 97.3±2.6 4.92±0.13 98.4±2.6 4.97±0.13 99.3±2.6 
PRO 0 ND   ND   ND   
 1 0.92±0.01 92.3±1.1 0.94±0.02 93.5±2.1 0.97±0.04 96.6±4.1 
 5 4.78±0.14 95.5±2.9 4.82±0.17 96.3±3.5 4.88±0.17 97.6±3.5 
 
Table 4.6: Minimum (min), maximum (max), and mean concentration (ng L˗1) of four steroid hormones in influent wastewater, effluent waster and 
river water samples: N = number of samples containing detectable amounts of target analytes 
Analytes  Influent wastewater n = 35 Effluent wastewater (n = 35) River water (n = 20) 
 Min  Max  Mean Min  Max  Mean Min  Max  Mean 
E1 15.7 126 35.9 10.4 57.8 32.3 10.4 63.1 30.0 
E2 143 6234 2414 67.4 2207 1132 124 948 463 
HYD <LOQ 87.5 2.50 <LOQ 37.3 1.07 <LOQ <LOQ <LOQ 




4.3.5 Adsorption and reusability 
4.3.5.1 Adsorption studies  
Equilibrium adsorption data for the proposed method was investigated using Langmuir [56] 
and Freundlich [57] models, linearized equations for each model were used and are shown 
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Where qe is the equilibrium adsorption capacity (mg g
−1), qmax is the maximum 
monolayer adsorption capacity (mg g−1), KL is the Langmuir constant (L mg
−1) and Ce is the 
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Where KF: measure of adsorption capacity, Ce is the concentration of adsorbate at 
equilibrium (mg L−1) and n is an adsorption effectiveness indicator. 
The plots of Ce/qe against Ce, and ln qe versus ln Ce, for Langmuir and Freundlich 
models are presented in Figure 4.8. The correlation coefficients (R2) are presented in Table 
4.7 and show that the R2 values for the Langmuir models were higher than the Freundlich 
models. This implied that the adsorption of the steroid hormones took place at particular 
homogeneous sites and as a monolayer adsorption onto the surface of the magnetic 
adsorbent [58]. The values of qmax and KL were obtained from the intercept and slope of the 
plot (Figure 4.8) and they were found to be 217 mg g-1 and 9.2 L mg−1, 244 mg g-1 and 6.8 





Figure 4.8: Plots of Ce/qe against Ce (A), and ln qe versus ln Ce, for Langmuir (B) and 
Freundlich (C) models. 
Table 4.7: Langmuir and Freundlich adsorption models and parameters investigated in the 
study. 
   Parameters  E1 E2 HYD PRO 
Langmuir  qmax (mg g
−1) 217 244 270 294 
  KL (L mg
−1) 9.2 6.8 6.2 4.9 
  R2 0.9972 0.9975 0.9989 0.9984 
Freundlich KF 190 201 223 239 
  n 3.5 3.2 3.9 2.9 




4.3.5.2 Reusability and regeneration  
The reusability and regeneration of the β-cyclodextrin decorated magnetic activated carbon 
composite was studied in order to investigate its practical application in water treatment 
process. The regenerated and recycled results of the magnetic adsorbent (Figure 4.9) 
demonstrated that the adsorption/ desorption (recovery) cycles for the hydrocortisone 
solution were not affected for up to eight runs of the regenerated magnetic adsorbent. This 
phenomenon suggested that the as-prepared adsorbent could be easily recovered and reused 
effectively. Therefore, β-cyclodextrin decorated magnetic activated carbon composite has 
the potential for application in the determination of steroid hormones in water. 
 
 
Figure 4.9: Regeneration of β-cyclodextrin decorated magnetic activated carbon composite 
(initial concentration: C0 = 100 µg L
−1) (n=3). 
4.4 CONCLUSIONS 
Even though the use of steroid hormones was banned due to their endocrine disruptors 
abilities, traces of these pollutants are still found in different water matrices. As such, 
analytical methods able to determine these compounds from complex matrices are of urgent 
necessity. In this work, a simple and effective magnetic solid phase microextraction 
procedure was developed which showed comparable analytical performance to other solid 
phase extraction based methods found in previous literature. The adsorption of steroid 
hormones onto the adsorbent was found to be described by the Langmuir adsorption 
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isotherm with high maximum adsorption capacities of 217 mg g-1, 244 mg g-1 , 270 mg g-1, 
294 mg g-1 for E1, E2, HYD and PRO. Moreover, the adsorbent could be used for up to 8 
times while maintaining a 92 % recovery.  
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ENHANCED ADSORPTIVE REMOVAL OF Β-ESTRADIOL FROM AQUEOUS 
AND WASTEWATER SAMPLES BY MAGNETIC NANO-AKAGANEITE: 
ADSORPTION ISOTHERMS, KINETICS, AND MECHANISM 
ABSTRACT 
A surfactant-free method was used to synthesize iron oxyhydroxide (akaganeite, β-FeOOH) 
nanorods and characterized using Fourier transform infrared spectroscopy (FTIR), X-ray 
diffraction (XRD), scanning electron microscopy combined with energy-dispersive X-ray 
spectroscopy (SEM-EDS), and transmission electron microscopy (TEM). The synthesized 
nanoadsorbent was applied for the adsorptive removal of β-estradiol from aqueous 
solutions. The parameters affecting the adsorption were optimized using a multivariate 
approach based on the Box–Behnken design with the desirability function. Under the 
optimum conditions, the equilibrium data were investigated using two and three parameter 
isotherms, such as the Langmuir, Freundlich, Dubinin–Radushkevich, Redlich–Peterson, 
and Sips models. The adsorption data were described as Langmuir and Sips isotherm 
models and the maximum adsorption capacities in Langmuir and Sips of the β-FeOOH 
nanorods were 97.0 and 103 mg g−1, respectively. The adjusted non-linear adsorption 
capacities were 102 and 104 mg g-1 for Langmuir and Sips, respectively. The kinetics data 
were analyzed by five different kinetic models, such as the pseudo-first order, pseudo-
second order, intraparticle, as well as Boyd and Elovich models. The method was applied 
for the removal β-estradiol in spiked recoveries of wastewater, river, and tap water samples, 
and the removal efficiency ranged from 93–100%. The adsorbent could be reused up to six 
times after regeneration with acetonitrile without an obvious loss in the removal efficiency 
(%RE = 95.4 ± 1.9%). Based on the results obtained, it was concluded that the β-FeOOH 




Keywords: β-estradiol; akaganeite nanorods; adsorptive removal; endocrine disruptors; 
desirability function 
5.1 INTRODUCTION 
Water is the most important natural resource for the survival of all organisms [1]. Due to 
the increase in urbanization, climate change, industrial production, and population growth, 
the quality of water can be negatively affected. Pollutants entering soil or water pose a 
variety of threats to the functioning of ecosystems and to human health [2]. Soil is 
frequently polluted with polycyclic aromatic hydrocarbons (PAHs), petroleum-related 
compounds, heavy metals, chlorophenols, organic pollutants, and pesticides [2]. There is an 
overlap of the types of pollutants present in water and soil, because of water run-off from 
contaminated soils, wastewater, and septic tanks [3]. The United States and the European 
Union in 2002 and 2009 reported that at least 80% of all collected samples were 
contaminated with organic pollutants, some of which have endocrine-disrupting properties 
[4]. The most widely investigated endocrine disruptors include molecules or metabolites 
derived from personal care products, pharmaceuticals, polybrominated diphenyl ethers 
(PBDEs), and hormones [5]. 
β-estradiol is a natural hormone excreted by mammals and is primarily produced by the 
reproductive organs [6]. Naturally, β-estradiol plays a role in physiological processes, such 
as reproduction and sexual function [7]. Estrogens from animal-derived food (for example, 
but not limited to, eggs, milk, and fish) can be introduced to people via their usage as 
growth-promoting agents, thus resulting in unnaturally high concentrations [8]. Elevated β-
estradiol levels may interfere with the function of the thyroid in birds and fish [9], may 
reduce fertility, and may lead to sexual disorders. It is also known to generate congenital 
malformations in children [10]. The contamination route is via animal and human 
excretions, as well as subsequent transport by sewage effluent into the water systems [11]. 
Therefore, the decontamination of water systems used for later water consumption is crucial 
for human and environmental wellbeing. 
Numerous decontamination techniques, such as adsorption [12], catalytic degradation 
[13], oxidation [14], and biodegradation [15], have been used to remove β-estradiol from 
aqueous systems. Though seldom used because of difficulties in adsorbent removal, 
adsorption has great potential for decontamination owing to its high efficiency and 
tunability. Adsorption can be tailored by the wide variety of sorbets available, including 
carbon nanotubes [7], membranes [16], molecularly imprinted polymers [17], and carbon-
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based materials [18]. Akaganeite is an iron oxyhydroxide (β-FeOOH) with double chains of 
octahedral corners forming a tunnel-like framework of mesopores [19,20]. Akaganeite 
occurs naturally in a variety of soil types. Iron oxyhydroxide has also been prepared in the 
laboratory and has been shown to remove both anions and cations [21]. It is also 
paramagnetic at room temperature, which makes it easy to remove from any matrix it has 
been dispersed in using an external magnet [22]. Consequently, it is useful as both a 
catalyst and an adsorbent material in adsorption/preconcentration [19]. 
The main objective of this study was to explore the adsorption properties of β-estradiol 
onto a synthesized akaganeite nanomaterial serving as the adsorbent material. Multivariate 
optimization strategies were used to explore the effect of sample pH, adsorbent dosage, and 
extraction time for the adsorptive removal of β-estradiol as an exemplary yet highly 
relevant analyte. The adsorption process was studied in detail via adsorption isotherms, 
while the rate-limiting steps were investigated using adsorption kinetics. Finally, the 
adsorption performance of the synthesized akaganeite was evaluated using spiked 
wastewater samples. 
5.2 MATERIALS AND METHODS  
5.2.1. Materials 
The ferric (III) chloride, sodium hydroxide, and ethanol were all of analytical reagent grade 
and β-estradiol (98%) purchased from Sigma Aldrich (St. Loius, MO, USA) were used in 
the study. A stock solution (20 mg L-1) was prepared by dissolving an appropriate amount 
of the β-estradiol in methanol and refrigerated until required for use. Standard solutions 
were prepared daily by diluting the stock solution with ultra-pure water (Direct-Q® 3UV-R 
purifier system, Millipore, Merck, KGaA, Darmstadt, Germany). 
5.2.2. Instrumentation 
All pH measurements were done using an OHAUS ST series pen pH meter (Nanikon, 
Switzerland). The adsorption studies were carried out using the Branson 5800 Ultrasonic 
Cleaner (Danbury, CT, USA). The FTIR measurements were taken using the KBr pellet 
technique and recorded in the region 400–4000 cm−1 using a Perkin Elmer Spectrum 100 
spectrometer. Scanning electron microscopy (SEM, TESCAN VEGA 3 XMU, LMH 
instrument, Czech Republic) coupled with energy-dispersive X-ray spectroscopy (EDS) 
was used to study the morphology and elemental composition of the adsorbent at an 
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accelerating voltage of 20 kV. The transmission electron microscopic image was captured 
using TEM (JEM-2100, JEOL, Tokyo, Japan). An Agilent high-performance liquid 
chromatography (HPLC) 1200 Infinity series, equipped with a photodiode array detector 
(Agilent Technologies, Waldbronn, Germany), was used for all analysis. The separation 
was done using an Agilent Zorbax Eclipse Plus C18 column (3.5 μm × 150 mm × 4.6 mm) 
(Agilent, Newport, CA, USA) operated at an oven temperature of 25 °C. The 
chromatograms were recorded using a 1.00 mL min−1 flow rate, a solvent mixture of 55% 
mobile phase A (water) and 45% mobile phase B (acetonitrile), and an adsorption 
wavelength of 260 nm using an isocratic elution system. 
5.2.3. Sampling and Storage 
Influent and effluent wastewater samples were collected from a local wastewater 
treatment plant (WWTP, Gauteng, South Africa) in winter 2019. River water samples were 
collected from Apies River, which is upstream from the wastewater treatment plant. Tap 
water samples were collected from the University of Johannesburg Doornforntein campus. 
All samples were collected in 1 L glass bottles and refrigerated until use. 
5.2.4. Preparation of akaganeite nanorods 
Akaganeite nanoparticles were prepared according to the method described by Chitrakar 
and coworkers [23]. Briefly, a 5 mol L−1 solution of NaOH was prepared in 30 mL 
deionized water and stirred at room temperature in a beaker equipped with a magnetic 
stirrer. A 25 mL 2 mol L−1 FeCl3 was rapidly added to the NaOH solution using a syringe; 
the stirring was continued for an hour. Ethanol (50 mL) was then added, and the resulting 
precipitate was washed several times with a 1:1 ethanol–water solution. The precipitate was 
then dried in an oven at 50 °C for 5 hours. 
5.2.5. Batch adsorption of β-Estradiol 
The adsorption was done using the batch incubation method described in Mashile and 
colleagues [24]. The method was optimized using the Box–Behnken design. The levels of 
independent factors, such as sample pH, contact time (CT), and mass adsorbent (MA), are 
presented in Table 5.1. The appropriate amount of adsorbent was then weighed and added 
to a glass bottle. Aliquots of a 10 mL sample solution containing 6 mg L−1 β-estradiol were 
added into the sample bottle. The samples were then agitated using an ultrasound water 
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bath; thereafter, the adsorbent and supernatant were separated using an external magnet. 
Thereafter, 1 mL of sample was filtered via a 0.22 µm PVDF filter before analysis with 
HPLC. All the experiments were carried out in triplicates, after which the adsorption 
removal efficiency was calculated using Equation (1): 
 
(1) 
where C0 and Ce are the initial and equilibrium concentrations, respectively. 
An optimization process is a critical stage in analytical chemistry. This is because of 
regulations due to the high cost of reagents and quantity of variables that affect the 
development and validation of analytical methods [25]. Multivariate optimization is an 
important technique because it takes less time, resources, and effort than the univariate 
approach. The design of experiments is important in analytical applications [25]. 
Multivariate optimization strategies allow to efficiently minimize the parameter space-
saving time and resources when determining the optimum conditions, here for the 
deployment of an adsorbent material [25]. For the adsorption of β-estradiol onto akaganeite, 
the (1) pH of the sample, (2) mass of adsorbent (MA), and (3) contact time (CT) were 
optimized using a multivariate approach, as presented in Table 5.1. 
Table 5.1: Adsorption optimisation using the Box-Behnken based response surface 
methodology. 
Factors Low level Central point High level 
pH 4 6.5 9 
Mass of adsorbent MA (mg) 20 35 50 
Contact time CT (min) 5 33 60 
 
Under optimum conditions, the equilibrium isotherms and kinetics of adsorption were 
studied. The β-estradiol solutions had concentrations ranging from 1 to 9 mg L−1. The 
equilibrium isotherm studies were done in triplicates and the β-estradiol concentration 
adsorbed onto akaganeite nanorods was calculated using Equation (2): 
          (2) 
where C0 and Ce are the initial and equilibrium concentrations (mg. L
−1) of β-estradiol, 
respectively, and m (g) and V (L) represent the mass of the adsorbent and volume of the 
 
102 
sample used. The adsorption kinetics was investigated by the addition of 10 mL aliquots (6 
mg. L−1) into 7 glass bottles. The bottles were then sonicated for 1–60 min for each sample 
before magnetic separation and HPLC analysis. 
5.2.6. Method validation and real sample analysis 
The collected wastewater (influent and effluent), river, and tap water samples were 
analyzed before adsorption and β-estradiol could not be detected in the sample. As a result, 
the method was validated using spiked sample recoveries; this was due to the absence of 
certified reference materials for emerging pollutants. To validate the method, wastewater 
effluent samples were spiked at two levels (4 and 8 mg. L−1) with β-estradiol by appropriate 
dilution with the effluent water. The validation experiments were carried out by adding 10 
mL of the sample (adjusted to pH 5.25) onto 42.5 mg of akaganeite in a capped glass bottle. 
The mixture was then agitated in an ultrasonic bath for 60 min, after which the supernatant 
and adsorbent were separated using an external magnet before filtering and HPLC analysis 
of the supernatant. 
5.3 RESULTS AND DISCUSSION 
5.3.1. Characterisation of the akaganeite nanoparticles 
Figure 5.1 shows the Fourier transform infrared spectrum of the as-synthesized akaganeite. 
The peaks at 3437 and 3135 cm−1 were ascribed for OH stretching and the bending at 1620 
cm−1 and 1009 cm-1 were assigned to the absorption bands of the iron oxyhydroxides 
arising from the Fe–OH and Fe–O vibration of the akaganeite [19,26]. The bending peak at 
650 cm−1 is reported to be the characteristic vibrations of Fe–O in β-FeOOH [26]. Lastly, 
the OH bending band around the 1431 cm−1 region corresponded to the β-FeOOH FTIR 




Figure 5.1: FTIR spectra of akaganeite. 
Akaganeite nanoparticles are known to be low-crystallinity materials, which during XRD 
characterization are indicated by rather low-intensity peaks [27]. In Figure 5.2, an 
exemplary XRD data set for the synthesized akaganeite nanoparticles are presented. From 
the XRD pattern, the characteristic low-intensity peaks were observed, confirming low 
crystallinity. According to Tufo and colleagues [26], decreasing the pH of the synthesis 
media results in more crystalline akageneite, while increasing the pH of the synthesis media 
results in less crystalline akaganeite nanoparticles, which was a similar case with the 
present study (i.e., sodium hydroxide was used). According to Vera Candioti and coworkers 
[27], the diffraction peaks at around 2θ = 20° and 40° are characteristic nano-akaganeite 





Figure 5.2: X-ray diffraction pattern of the akaganeite nanorods. 
 
Scanning electron microscopy (SEM) was used to investigate the surface morphology 
of the akaganeite nanomaterial combined with energy-dispersive X-ray (EDX) for 
elemental analysis. The major components of the akaganeite nanomaterial were determined 
by EDX and given in the spectrum represented in Figure 5.3B. SEM images (Figure 
5.3A,C) revealed aggregated akaganeite nanoparticles, which resulted from the absence of a 
surfactant during the synthesis, as was reported in Yuan and Su [19]. The yellow frame in 




Figure 5.3: An exemplary (A) SEM image and (B) EDX spectrum and (C) section analysed 
using EDX of the akaganeite nanomaterial synthesized in absence of a surfactant. 
 
Transmission electron microscopy (TEM) studies, as shown in Figure 5.4, indicate the 
characteristic rod-shaped akaganeite structures next to more spherical/octagonal particles, 
as described by Yuan and Su [19]. While no surfactant was used herein, to better control 
the shape of the obtained akageneite material, a surfactant is needed, ensuring more ordered 
mesostructures. However, one aim of the present study was to ensure a straightforward and 
possibly simple synthesis route. Hence, a more uniform particle shape/size was traded 
against the simplicity of the synthesis strategy, which in absence of surfactants does not 








Figure 5.4: Exemplary TEM images of the synthesized akaganeite nanomaterial in absence 
of any surfactant. 
 5.3.2. Optimisation of removal procedure 
The optimization of the adsorptive removal process was investigated using Box-Behnken 
design (BBD). The experimental design matrix and respective responsenses (percentage 
removal efficiency, %RE) are presented in Table 5A1. A Pareto chart (see Figure 5.5) was 
used to identify critical factors during the adsorption process by evaluating the variance 
within the experimental design matrix [28]. The Pareto chart is based on analysis of 
variance (ANOVA), which is a linear model. As a result, during the analysis of the Pareto 
chart, only the linear factors (i.e., factors with the index L) were included, while quadratic 
factors (with the index Q) were not considered [29]. In the analysis of a Pareto chart, for a 
factor to be considered statistically significant, its bar should pass the redline that indicates 
a p-value of 0.05 (95% confidence level) [30–31]. The ultimately dominating factors were 
determined to include the (1) pH of the sample, (2) the mass of adsorbent (MA), and (3) the 
contact time (CT). Of these three factors, the only one beyond the 95% confidence line (red 






Figure 5.5: Pareto chart of the standardized relevance of the individual variables affecting 
the adsorbing performance of the synthesized materials. The red line indicates the 95% 
confidence interval. The linear interactions of these factors are: 1Lby2L (pH-MA 
interaction), 2Lby3L (MA-CT interaction) and 1Lby3L (pH-CT interaction). 
 
The response surface methodology (RSM) was used to investigate (a) the interaction 
and (b) the quadratic effects of the main parameters pH, MA, and CT, respectively, using 
the data generated via a Box–Behnken experimental design, yielding 3D surface plots 
(Figure 5.6) for these three parameters. As it can be seen from Figure 5.6A, increasing the 
mass of the adsorbent increases the percentage removal (% RE) with any pH below 7, and 
at a pH of around 7 the maximum % RE could be observed. The same could be observed 
from the interaction of pH and contact time. Figure 5.6C shows the interaction between CT 
and MA; masses between 25 and 10 together with a CT of 20 min gives a minimum % RE 
while a CT and MA above 30 min and 30 mg results in higher percentage removal (% RE). 
The plots were used in conjunction with the profiles of desirability to determine the 




Figure 5.6: Response surface plots showing the interaction effects of the main parameters 
pH, adsorbent material mass (MA), and contact time (CT). 
 
Using the desirability function (DF, Figure 5.7) allows the simultaneous estimation of 
the optimal values for all the investigated factors. Desirability always takes values within 
the 0–1 range where 0 indicates the least desired result (33.4% removal), 0.5 being the 
central point 69.4%, and 1 being the most desirable value assigned a % removal of 105 
[32,33]. According to the desirability profiles, the optimal conditions for the adsorption 
process were a pH of 5.25, MA of 42.5 mg, and CT of 60 min. The DF predicted values 
were then used to confirm the optimum conditions of the adsorption method. To understand 
the effect of pH on the adsorption, the point of zero charge of akaganeite was considered. 
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At a pH lower than the point of zero charge, the surface of the material is positively 
charged, while at a pH higher than the point of zero charge, the surface of the adsorbent is 
negatively charged [34–36]. The point of zero charge for the akaganeite nanorods as 
described in the literature is around 7–7.5 [21]. The optimum pH for the adsorption was 
found to be 5.25, which is lower than the point of zero charge of akageneite. This means 
that the surface of the material was positively charged. β-estradiol also has a pKa of 10.71, 
meaning that at the optimum pH, the analyte is in its molecular state. This translates to the 
presence of the OH groups on the analyte to be available for ionic interaction between the 
β-FeOOH and β-estradiol. 
 
 
Figure 5.7 Desirability function for the main parameters pH, adsorbent material mass 




5.3.3 Adsorption Isotherms  
The ratio between the concentration of adsorbed analyte and the amount of analyte 
remaining in the supernatant solution at equilibrium conditions provides the absolute 
removal efficiency [24]. The interaction of the analyte species with the adsorbent material 
reaches a dynamic equilibrium after a certain incubation time, which may be described via 
isotherm models [37]. In the present study, the isotherms for β-estradiol adsorbing at the 
surface of β-FeOOH nanorods were studied at a pH of 5.25 with a β-estradiol concentration 
of 1–10 mgL−1, an adsorbent mass (MA) of 42.5 mg, and contact time (CT) of 60 min at 25 
°C. It was observed that the adsorption capacity increased with an increase in initial β-
estradiol concentration (Figure 5.8A). In this study, five isotherm models were used to 
describe the equilibrium. These include the Langmuir, Freundlich, Dubinin–Radushkevich, 
Redlich–Peterson, and Sips isotherm models, and the resulting plots are shown in Figure 
5.8B–F. The R2 values for the different models were used to determine which model best 
fits the adsorption process. The Langmuir and Freundlich models were used to determine 
the primary adsorption mechanism. As seen in Table 5.2 the adsorption process fitted the 






Figure 5.8: Adsorption isotherm plots for the sorption of β-estradiol using akaganeite (A)—
Langmuir isotherm model; (B)—Langmuir linear model; (C)—Freundlich linear model; 
(D)—Dubinin–Radushkevich linear model; (E)—Redlich–Peterson linear model; (F)—Sips 
linear model. 
 
The β-estradiol adsorption data were fitted with Langmuir, Freundlich, Dubinin–
Radushkevich, and Redlich–Peterson isotherms models, as summarized in Table 5.2. 
Comparing the obtained goodness-of-fit values in Table 5.2, the experimental data followed 
a Langmuir isotherm (R2 = 0.9996), which was higher than for any other isotherm. This 
implies that adsorption occurs homogeneously at the surface sites of the β-FeOOH 
nanomaterial and that the adsorption of β-estradiol may be assumed occurring in a 
monolayer fashion. Thus, a Langmuir constant (KL) of 16 L g
−1 and the maximum 
adsorption capacity of 97.0 mg g−1 was obtained. The calculated separation factor (RL) of 
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0.10–0.25 for the β-estradiol adsorption on the β-FeOOH nanomaterial, according to the 
literature, demonstrates a favorable adsorption [38,39]. 
The Dubinin–Radushkevich isotherm is conventionally used to differentiate between 
chemical and physical adsorption by evaluating the mean energy (E). It is said that an E 
value that is lower than 8 kJ mol indicates physisorption dominance while an E value above 
8 indicates chemisorption dominance [40,41]. The calculated E value was 8.5 kJ mol−1, 
which indicates a chemisorption process. The Redlich–Peterson model combines both the 
Freundlich and Langmuir isotherms, whereby B is the exponent from the linear plot ranging 
between 0 and 1. If B equals 1, the model reduces to the Langmuir equation, and if B = 0, it 
reduces to the Freundlich equation [42]. From the obtained results, B has a value of 0.88, 
which again favors the Langmuir model to describe the interaction between β-estradiol and 
the β-FeOOH nanorods. To further investigate monolayer adsorption, the Sips model was 
used. When the Sips model exponent nS = 1, the adsorption process follows a Langmuir 
isotherm, and when nS >1, the data is considered to fit the Freundlich model [43–45]. In 
this work, the Sips model exponent was equal to 1, further confirming monolayer 
adsorption 
Table 5.2: Adsorption models and parameters investigated in the present study. 
Model Parameter R2 
Langmuir 
 ,  
 
qmax (mg g
−1) = 97.0 
KL (L g
−1) = 16 





KF (L/mg) = 66.6 






qD-R (mg/g) = 103 


















α = 0.37 




Sips qms (mg L




−1) = 1.7  
 nS = 0.97  
qe: amount adsorbed; qmax: maximum monolayer adsorption; KL: Langmuir constant; Ce; 
concentration of adsorbate at equilibrium; RL: separation factor; KF: adsorption capacity; 
1/n: adsorption intensity; β: Dubin constant: E: mean adsorption energy (kJ/mol) ε: Polanyi 
potential; R: gas constant; T: temperature; KR and αR: Redlich-Peterson constants: B: slope 
qmS (mg L −1): Sips maximum adsorption capacity; KS (L g−1): Sips isotherm model 
constant; nS: Sips isotherm model exponent. 
 
The adsorption data were also fitted to the nonlinear isotherm models. This because the 
major problem encountered when using linearized models is the violation of theories 
behind each model using the modification of the original equation [46–48]. In such cases, 
the linearized model may give best-fitting parameters as opposed to the original nonlinear 
model [46–48]. Therefore, to compare the linearised and nonlinearized regression models, 
the data were fitted to the original nonlinear isotherm equation (Table 5.3). The better-
fitting kinetic of the nonlinear equations was investigated using residual standard error 
(RSE) and R2. According to the RSE and R2, the best model is Redlich–Peterson, followed 
by the Sips, Langmuir, Dubinin–Radushkevich, and Freundlich isotherms. In this study, the 
isotherm parameters obtained for both linear and nonlinear models were comparable, 
indicating that the two regression models were not significantly different at the 95% 
confidence level. Besides, these findings proved that the linearized model did not violate 








Table 5.3: Non-linear adjusted adsorption isotherms. 
Model Parameter Adjusted R2 R2 
Langmuir  
qmax (mg g
−1) = 102 
KL (L g
−1) = 0.44 
RSE = 6.2 
0.9442 0.9764 
Freundlich  
KF (L/mg) = 74.4 
n = 2.87 




qD-R (mg/g) = 105 





α = 1.68 





−1) = 104 0.9903 0.9967 
 KS (L g
−1) = 1.35   
 
ns = 1.28 
RSE = 2.59 
  
5.3.4. Adsorption kinetics 
Batch experiments were carried out to investigate the adsorption kinetics of β-estradiol 
(Figure 5.9A) using 42.5 mg of β-FeOOH nanorods, a concentration of 5 mg L−1 β-
estradiol, and a pH of 5.25 at room temperature (25 °C). As seen, the rapid uptake of β-
estradiol by the adsorbent happened from 5–20 min and the equilibrium was attained 
between 20 and 60 min. The kinetics data were fitted into various kinetics equations, as 
seen in Table 5.4. The plots for the pseudo-first order (ln (qe-qt) vs. t), pseudo second order 
(t/qt vs. t), and Elovich (qt vs ln t) kinetic models are shown in Figure 5.9 B–D. The derived 
parameters together with the correlation coefficient are summarized in Table 5.4. As seen in 
Figure 5.9B and Table 5.4, the correlation coefficients for the pseudo-first-order model was 
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0.6555. The experimental adsorption capacity (97.2 mg g−1) was almost four times higher 
than the calculated (26.8 mg g−1) adsorption capacity. These finding suggested that the 
adsorption of β-estradiol onto β-FeOOH nanorods was not an ideal pseudo-first-order 
reaction. The R2 value for the pseudo-second-order model is higher than that of the first-
order model. This suggests that the kinetic equilibrium data were best described by a 
pseudo-second-order model. The calculated qe value of the pseudo-second-order model is 
also 100 mg g−1, which is in agreement with the experimentally obtained value of qe at 97.2 
mg g−1. This agreement suggested that the adsorption process was driven by chemisorption 
involving the electrostatic interaction between the positively charged adsorbent and lone 
pairs of electrons of β-estradiol. The Elovich kinetic model was used to describe the 
chemisorption process on the surface of the β-FeOOH nanorods. The kinetics data were 
fitted to the Elovich equation and gave a relatively good R2 value (0.9595), which shows 
that the uptake of β-estradiol onto the β-FeOOH nanorods involved chemisorption [49]. 
 
Figure 5.9: Adsorption kinetics plots for the sorption of β-estradiol using akaganeite: (A)—
adsorption kinetics model; (B)—pseudo-first order linear model; (C)—pseudo-second order 
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linear model; (D)—Elovich linear model; (E)—intraparticle diffusion linear model; (F)—
Boyd linear model. 
 
To understand the rate-determining step, various intraparticle diffusion models were 
applied, as summarized in Table 5.4. From the plots of the intraparticle diffusion (Figure 
5.9E), it is evident a two-step adsorption process occurred during the uptake of β-estradiol 
by the akageneite nanorods. The first step is based on the so-called film diffusion or surface 
adsorption, i.e., diffusion of β-estradiol from the solution to the external surface of the 
adsorbent [24]. The plots also do not go through the origin, which indicates that the 
intraparticle diffusion is not the rate-determining step. The second step suggested that the 
adsorption process proceeds by intraparticle diffusion and the intraparticle diffusion 
happened at a higher concentration. Kid1 derived from the film diffusion is exceeding the 
Kid2 of the intraparticle diffusion, which indicates that the intraparticle diffusion is a slow 
process. The value of the intercept (C) is also larger for the intraparticle diffusion, thus 
providing a more relevant contribution to the adsorption process [50]. Because the 
intraparticle diffusion plot shows a non-linear nature, the Boyd model (Figure 5.9F) was 
used to investigate the definite rate-controlling step. According to Hu et al. [49], when the 
Boyd plot passes through the origin it means that particle diffusion is the dominant 
mechanism that governs the adsorption process. However, as seen in Figure 5.9F, the plot 
did not pass through the origin, suggesting that the adsorption process might be governed 
by a boundary layer diffusion mechanism [51]. However, the high correlation coefficient of 
the Elovich model meant that between the two steps of the rate-determining steps, 
intraparticle diffusion was more prominent when compared to film diffusion [52,53]. This 
validates the results obtained during the optimization, which essentially results in the fact 
that electrostatic interactions are driving the β-estradiol adsorption onto akageneite. This is 










Table 5. 4: Kinetic models and parameters investigated in the present study. 
Model Parameter R2 
Pseudo-First order 
 
qe (mg/g) = 26.8 
k1 (mg/g min




qe = 100 
kt (mg/g min





α (mg/g min) = 104 





1/2) = 19.1 
C1 (mg/g) 12.2 
Kid2 (mg/g min
1/2) = 0.073 
C2 (mg/g) = 94.2 
R1
2 = 0.9589 
 
R2




α = 0.056 
β = 0.57 
0.8122 
qt: amount adsorbed at time t; qe: sorption capacity; k1: rate constant; k2: second-order 
constant; C: intercept; kid: intraparticle diffusion rate constant; α is the initial rate constant 
and β is the desorption constant; B: chemisorption; Bt: represents F; F: the fraction of the 
solute adsorbed at any given time. 
 
Nonlinear regression of the kinetics data for each model was investigated using the 
adjusted R2, R2, and residual standard error. The calculated kinetics parameter and the 
correlation coefficients are illustrated in Table 5.5. Unlike in the linearized regression 
model where the trend was pseudo second order > Elovich > pseudo-first order, the data 
was best fitted by the pseudo-second order, followed by the pseudo-first-order and Elovich 
models. When comparing the kinetic parameters between the non-linear and linear models, 
it could be seen that the calculated qe for the linearised pseudo-first order was the only 







Table 5.5: Adjusted non-linear adsorption kinetics. 
Model Parameter Adjusted R2 R2 
Pseudo-First order  
 
qe (mg/g) = 94.1 
k1 (mg/g min
1/2) = 0.204 




qe = 102 
kt (mg/g min
1/2) = 0.004 
RSE = 3.083 
0.9846 0.9934 
Elovich  
α (mg/g min) = 100 
β (g/mg) = 0.057 
RSE = 6.953 
0.9217 0.9659 
5.3.5 Adsorption thermodynamics studies  
Thermodynamic studies were investigated to ascertain the dominant adsorption 
mechanisms (that is, physisorption or chemisorption). The adsorption process was carried 
at different temperatures (298, 303, 308, and 313 K) and the thermodynamic parameters, 
such as enthalpy (ΔH°), entropy (ΔS°), and Gibbs energy (ΔG°), were calculated according 
to the expressions reported by Nagy and coworkers Aazza and colleagues, Mashile and 
colleagues, Liu and colleagues [46,48,50,52]. The graph of lnKC against 1/T(K
-1) is 
presented in Figure 5.10. The values of ΔH° and ΔS° were estimated from the slope and 
intercept of the plot. The ΔH° and ΔS° were found to be 45.5 kJ mol−1 and 186 J mol−1 K−1 
while the Gibbs energies were ranged from −9.86 to −12.6 kJ mol−1. The positive ΔH° 
reveals that the adsorption process was endothermic in nature and the positive ΔS° 
suggested an increase in the randomness at the boundary of the solid/liquid phases during 
the adsorption process [46,48,50,52]. The negative ΔG° indicate the spontaneity of the 
adsorption process. Moreover, the ΔH° value was higher than 20.9 kJ/mol, confirming that 




Figure 5.10: Van’t Hoff plot calculation of for thermodynamic parameters. 
5.3.6 Adsorption mechanism 
In order to gain further insight into the adsorption process of β-estradiol onto akaganeite, 
the adsorption was characterized by performing FTIR analysis (Figure 5.11a–c) on 
akaganeite before and after adsorption, as well as on the analyte. The adsorption of β-
estradiol resulted in peaks in the 1500–1000 cm−1 region, which were ascribed to various 
C–O, C–H, and C–OH bonds. As evident in Figure 5.11c, the emergence of the prominent 
peaks at 2800–2900 cm−1, corresponding to the stretching vibration of the C–H bonds of the 
β-estradiol, and the broadening of the OH vibration peak at 3135 cm−1 confirmed the 
presence β-estradiol on the surface of the adsorbent [54]. Figure 5.11a revealed that 
akageneite has distinctive vibration peaks of hydroxyl groups and according to the literature 
the pKa of -OH is around 9.5–13 [55,56]. This implies that at pH values below the pKa 
values, the hydroxyl groups of the adsorbent are protonated [55,56]. In addition, the pHpzc 
of the adsorbent was reported to be between 7 and 7.5, suggesting that adsorbent is 
positively charged below the pHpzc. Moreover, the pKa value of β-estradiol is reported to 
be 10.71, suggesting the analyte existed as a neutral species. There, the adsorption 
mechanism was dominated by the electrostatic attraction between the positively charged 
adsorbent and the lone pair of electrons of the oxygen atoms present in the analyte. 
Furthermore, the presence of the electron-rich aromatic ring in the structure of the analyte 
resulted in cation–π interactions between the positively charged adsorbent surface and the 
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π-system of the β-estradiol molecule. These finding are in line with the observation in the 
optimization data where pH influenced the interactions between the positively charged 
adsorbent and the electron-rich β-estradiol molecule [6]. Moreover, the enhanced peak 
intensities, shifting of adsorption bands at 1700–1500 cm−1, and disappearance of some 
peaks at 650–600 cm−1, as seen in Figure 5.11b, confirmed that the adsorption mechanism 
was dominated by the chemisorption process, which is in line with the adsorption 







Figure 5.11: FTIR spectrum for (a) akageneite before adsorption, (b) akageneite before 
adsorption, and (c) β-estradiol. 
5.3.7 Analysis of real samples 
During the experimental studies, the actual removal of β-estradiol from the spiked aqueous 
samples was investigated. The two-level spiked effluent wastewater samples showed that 
the adsorption method could remove between 93 and 100%. This proved that no significant 
interferences on the adsorption properties were experienced due to the presence of other 
wastewater components. The performance parameters of the method developed in the 
present study were in fact comparable with other reported β-estradiol removal methods 
based on adsorption, except for References [18] and [57], as summarized in Table 5.6.  
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Table 5 6: Comparison of materials used in previous reports for the removal of β-estradiol 
from water samples. 
Adsorbent Analyte(s) Adsorption capacity (mg 
g‒1) 
Ref. 
Nitrogen-doped porous carbon β-estradiol 455 [18] 
Multiwalled CNTs β-estradiol  54  [58] 
Carbon nanotubes β-estradiol 21.1 [59] 
Single-walled CNT membrane β-estradiol  9.53  [16] 
Cyclodextrin polymer β-estradiol 210 [57] 
Akaganeite nanorods β-estradiol 97.0 This 
work 
5.3.8 Regeneration studies 
The reusability and regeneration of the prepared akaganeite nanorods were evaluated by 
performing a series of adsorption–desorption cycles (Figure 5.12). Desorption of the 
analyte was achieved using 100% acetonitrile. Thereafter, the adsorbent was washed with 
an ethanol–water solution and dried in an oven at 50 °C. The removal efficiency of the 
nanoadsorbent toward β-estradiol slightly decreased after the 6th usage/regeneration cycle; 
however, it remained at >90%. These findings suggested that the akaganeite nanoadsorbent 






Figure 5.12. Regeneration studies. 
 
5.4 CONCLUSIONS 
Akaganeite nanoparticles generated via a facile and simple synthesis route using a 
precipitation technique are highly useful for the adsorptive removal of β-estradiol. A 
variety of characterization techniques, including XRD, SEM, EDX, and TEM, confirmed 
the formation of akaganeite nanoparticles that are predominantly rod-shaped. The method 
was demonstrated to remove β-estradiol at concentrations up to 8 mg L−1 from a variety of 
spiked aqueous solutions with removal efficiencies of 93–100%. The adsorption process 
was characterized using both linear and adjusted non-linear models. The adsorption process 
followed pseudo-second order kinetics and a Langmuir isotherm model with a maximum 
adsorption capacity of 97.0 mg g−1 for the linearized isotherm model. The adjusted non-
linear Langmuir isotherm resulted in a maximum adsorption capacity of 102 mg g−1, which 
was comparable to the linear model. The akaganeite nanoparticles also could be reused 
during up to six adsorption/desorption cycles maintaining an approx. 90% removal 
efficiency. Hence, a low-cost and environmentally friendly adsorbent was demonstrated, 
which is a suitable candidate for water treatment via adsorption for hormone-like 
substances such as β-estradiol. 
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EXPLORATION OF A MOLECULARLY IMPRINTED POLYMER (MIPS) AS AN 
ADSORBENT FOR THE ENRICHMENT OF TRENBOLONE IN WATER. 
ABSTRACT 
 The presence of endocrine disruptors in surface waters can have negative implication on 
wildlife and humans both directly and indirectly. A molecularly imprinted polymer (MIP) 
has been explored for its potential to enhance the UV-Vis determination of trenbolone in 
water. A surface imprinting method was used for the preparation of the MIP. The 
synthesized MIP was studied using FTIR and SEM. Using the MIP resulted in a 
preconcentration and enrichment factor of 14 and 8 respectively. Trenbolone binding on the 
MIP was shown to follow a Langmuir adsorption and had a maximum adsorption capacity 
of 19.01 mg/g. Interference studies showed that the MIP selectivity was not compromised 
by interferences in the sample. The MIP could be recycled 3 times before significant loss in 
analyte recovery. 
Keywords: Androgenic hormones; solid phase extraction; molecularly imprinted polymers; 
trenbolone; endocrine disruptors 
6.1 INTRODUCTION 
Water is the most important natural resource for the survival of all living organisms [1]. 
Due to the rise of urbanization, climate change, industrial production and population, the 
quality of water has been negatively affected [2–4]. As a result, many cities are facing 
water shortages [1]. Moreover, pollution to surface waters not only contributes to water 
shortages but can also lead to the degradation of grain quality. Pollutants entering the soil 
or water pose a varying number of threats to the functioning of the ecosystem as well as 
human health [5]. Soil is usually polluted with polycyclic aromatic hydrocarbons (PAHs), 
petroleum related compounds, chlorophenols, heavy metals, organic pollutants and 
pesticides [5]. There is an overlap of the types of pollutants present in water and soil. This 
is because of water run-off from contaminated soils, wastewater and septic tanks [6]. The 
United states and European unions in 2002 and 2009 reported that in at least 80 % of 
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samples there was some presence of organic pollutants, especially ones with endocrine 
disrupting properties [7]. Since 2013, there have been approximately 1000 synthetic and 
natural compounds with endocrine disrupting properties [7]. The most investigated 
endocrine disruptors include poly brominated diphenyl ethers (PBDEs) and hormones [8]. 
Steroids occur naturally in microorganisms, animals and plants and  they primarily 
contain three clycohexane and one pentagonal carbon ring attached to different functional 
groups and side chains (Figure 6.1) [9]. Steroid hormones are all derivatives of cholesterol 
[10]. Hormones can be broadly classified as either natural or synthetic [11]. Further, they 
are divided into different families including mineralocoricoids, glucorticoids, androgens, 
estrogens and progesterone [12]. 
 
Figure 6.1: Trenbolone molecular structure 
Androgenic hormones such as testosterone are C19 steroids and are responsible for the 
development of masculine characteristics [13]. Thus, they are normally used as growth 
promoters in human and veterinary therapies [14]. Anabolic androgenic steroids such as 
testosterone are widely used by athletes to improve athletic performance because of their 
mytrophic action [11]. Trenbolone and zeranol are hormonally active substances that can be 
used as growth promoters [15]. The use of these anabolic growth agents is banned by the 
European Union, Russia and China [16]. This is because a number of studies show that 
residues of these substances can be found in meat and other food stuffs [17]. While this is 
the case, in some countries such as South Africa, there is no information on whether these 
substances are used legally or illegally. These substances have been detected in the liver, 
bile, plasma, kidney and urine of the cattle [18]. This means that hormonal residues can be 
found in animal excreta which directly pollutes the soil and indirectly affects water quality 
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through leaching [19]. In the environment these substances are persistant [20]. More 
concerning is their endocrine disrupting properties even at extremely low concentrations 
[21]. Therefore, analytical methods with the ability to detect these substances in water are 
required. 
With modern analytical chemistry it is possible to determine an analyte of interest in 
different kinds of sample matrices [22]. Monitoring of pollutants at trace/ultra-trace levels 
often requires some form of preconcentration/enrichment of analyte in order to ensure 
sensitive determination [22]. Hence, the goals of sample preparation include 
preconcentration of analytes to concentrations higher than the instrument’s limits of 
detection, removal of interferences and isolation of the analytes from matrix effects [23]. 
Solid phase extraction (SPE) is the most widely used sample preparation technique for 
the preconcentration and analysis of organic pollutants[24, 25]. Previously, silica bonded 
phases such as C18 have been used as adsorbents for SPE of wide range of organic 
pollutants [26–31] However, recently, modified and tuned solid phase materials can be used 
to achieve more specificity [32]. Amongst others, the advantages of using SPE are its 
simplicity, potential for automation, high enrichment factors, high selectivity [33]. The 
most attractive advantage for analytical chemists is the possibility of using reduced amount 
of organic solvents and the fact that SPE is highly tuneable with regards to the adsorbents 
used [34]. One of the most promising adsorbents with regards to selectivity are molecularly 
imprinted polymers. Molecular imprinted polymers (MIPs) have been demonstrated to be 
useful for the specific recognition, binding and isolation of chemically active target 
molecules [35]. MIPs can be prepared by moulding polymeric structures around a target 
molecule through polymerisation in the presence of a cross-linking agent and initiator [36]. 
The formation of a MIP follows a two-step process where the first step includes the 
formation of a template-monomer complex followed by polymerisation around the 
template. After which, the template is removed by washing resulting in a polymer matrix 
with specific analyte binding sites [36, 37]. MIPs provide high selectivity combined with 
easy preparation and application, as such, they can be used for a variety of applications 
such as sensors [38–40], catalysis [41, 42], capillary electrophoresis and separation [43] 
and solid phase extraction [44, 45]. 
Spectrophotometric determination techniques offer analysis run times, they are also 
readily available and simple which makes attractive techniques for routine analysis [31, 
46]. The major drawback of UV-Vis spectrophotometry are low sensitivity and poor 
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selectivity in comparison to chromatographic and electrochemical methods [47, 48]. A 
sample preparation step can be used to combat this disadvantage [47, 48]. 
The aim of this work was to prepare a molecularly imprinted polymer using trenbolone 
as a template. The synthesised MIP was then evaluated for its binding and adsorption 
characteristics. The effects of the sample pH, mass of adsorbent, extraction time and eluent 
volume on the preconcentration of trenbolone using the prepared MIP were investigated 
using multivariate optimisation. Quantification and method performance evaluation were 
carried out using simple UV-spectrophotometry. In our knowledge, molecularly imprinted 
polymers have not been explored for the quantification of trenbolone. 
 
6.2 MATERIALS AND METHODS  
6.2.1 Materials  
Ethanol, methanol, acetic acid, sodium hydroxide, methylacrylic acid, trenbolone (analytical 
grade), anhydrous toluene, ethyleneglycoldimethacryate (EGDMA), 2, 2’-azobis (2,4-
dimethylvaleronitrile) (AIBN) were all purchased from Sigma-Aldrich (München, Germany). 
A 1000 mg L-1 trenbolone stock solution was prepared by dissolving the accurate appropriate 
amount with methanol. The stock solution was stored in a fridge until required for use. 
Working solutions were prepared by diluting the stock solution with ultra-pure water 
(Thermo Scientific, Deionizer Nanopure Diamond UV TOC Water System). 
6.2.2 Instrumentation 
A Heraeus Megafuge 16 centrifuge (Thermo Scientific) was used for all separations during 
the study. A Heraeus vacuum oven (Thermo Scientific) was used for drying, a Thermomixer 
C (Eppendorf) was used for agitation. The polymer surface was studied using a Quanta 
3DFEG scanning electron microscope.  The Carl Ziess Axio light microscope was used to 
evaluate the surface of the particles making use of the Axiovision software.  Analyte 
quantification was done using an Analytik Jena Specord S600 UV-Vis spectrophotometer in 
the wavelength range 180-400 nm with a 10 mm UV cuvette.  
6.2.3 Synthesis of molecularly imprinted polymer (MIP)  
The method for the synthesis of core-shell molecularly imprinted polymers (MIP) was 
adopted from Ma and coworkers [49]. Into a two-neck round bottom flask, 50 mL of 
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anhydrous toluene was added. The template molecule (0.264 mmol), methacrylic acid (1.06 
mmol), EGDMA (2.11 mmol) and 20 mg of AIBN. The solution was mixed for 10 minutes 
under a gentle stream of argon. The solution was heated at 50 °C for 6 hours, then at 60 °C 
for a further 24 hours. The products were then matured at a temperature of 85 °C for 6 hours. 
The template was then removed by washing the resulting polymer using methanol/acetic acid 
mixture (9:1, v/v). The polymer was then dried under vacuum at 40 °C for 24 hours before 
use. Non imprinted polymers (NIPs) were synthesised in the same way in the absence of the 
template molecule. 
6.2.4 Polymer binding characteristics and adsorption capacity 
The binding studies were performed on solutions made using ultra-pure water at room 
temperature by appropriately modifying the method described by Fernandes et al, 2017 [50]. 
To investigate adsorption capacity, the MIP and NIP were weighed into centrifuge tubes 
containing 10 mL of the trenbolone solution with concentrations varying from 10-50 mg L-1 
and shook for 180 minutes at room temperature. The adsorbents were then separated by 
centrifuging at 3500 rpm for 10 minutes and the supernatant absorbance was measured at 350 
nm. The difference between the initial and equilibrium trenbolone concentration (Eq. 1) can 
be considered as the amount of trenbolone bound to the adsorbent. The adsorption capacity 
(Qe) was calculated using equation 1. 
          (1) 
Where C0 and Ce represent the initial and equilibrium concentrations (mg L
-1) respectively, V 
is the volume of the trenbolone solution used (L) and w is the amount of polymer used for 
thee adsorption process (g). The specific MIP recognition properties were evaluated using the 
imprinting factor (IF), which is the ratio between the MIP and NIP adsorption capacity ratio 
(Eq. 2): 
          (2) 
Where Qe(MIP) and Qe(NIP) are the MIP and NIP adsorption capacities respectively. 
6.2.5 Solid phase extraction of trenbolone using MIP 
The extraction of trenbolone was done using solid phase extraction in which an appropriate 
amount of polymer was weighed into a 15 mL centrifuge tube containing a 10 mL (3 mg L-1). 
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The mixture was then agitated using a thermo mixer. After extraction, the polymer and bulk 
solution were separated by means of centrifugation at 3500 rpm for 10 minutes. After which, 
the analyte was eluted with a mixture of methanol and acetic acid (9:1, v/v) followed by 
agitation and centrifugation. UV-Vis spectrophotometry was used to analyse the bulk and 
elute solution. 
 
6.2.6 Optimisation of SPE method 
The optimisation of the factors that could affect the extraction of trenbolone was done 
multivariately using a two level central composite design with mass of adsorbent (MA), 
sample pH, extraction time (the time the sample and polymer were agitated, ET) and eluent 
volume (EV) as the factors of interest (Table 6.1). 
 
Table 6.1: Parameter and levels used in central composite experimental design. 
Factors Low level (-1) Central point (0) High level (+1) 
Mass of adsorbent (MA) (mg) 10 30 50 
pH 4 6.5 9 
Extraction time (ET) (min) 10 20 30 
Eluent volume (µL) 400 700 1000 
 
6.2.7 Analytical performance and validation of MIP extraction method 
The selectivity of the MIP was tested using both adsorption and signal enhancement. Briefly, 
30 mg of polymers (NIP and MIP) were weighed into 15 mL centrifuge tubes. Into the tubes 
10 mL of 3 mg L-1 spiked lake water was added. The tubes were then agitated for 20 minutes 
using a thermo mixer after which centrifugation for 10 minutes at 3500 rpm was used to 
separate the polymers from the bulk solution. The analyte was then eluted using a 
methanol/acetic acid mixture (9:1, v/v) (700 L). The eluent and bulk solutions were both 
analysed using a UV-Vis spectrophotometer. The analytical performance of the method was 
evaluated by using the limit of detection (LOD), limit of quantification (LOQ), dynamic 
linear range (DLR), preconcentration and enrichment factors (PF and EF). 
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6.2.8 Reusability studies 
The reusability and regeneration of the polymer was studied by weighing 30 mg of the 
polymer, and 10 mL of a synthetic sample. The mixer was then agitated using a thermo mixer 
for 20 minutes. The polymer and supernatant were separated using a centrifuge at 3500 rpm 
for 10 minutes. The analyte was then eluted with a mixture of methanol and acetic acid (9:1, 
v/v) by shaking the eluent with polymer in a thermo mixer for 10 minutes, subsequently 
centrifugation was used to separate the polymer and eluent. The elute was quantified using 
UV-Vis spectrophotometry at 350 nm. 
6.3 RESULTS AND DISCUSSION 
6.3.1 Characterisation of the synthesized polymers 
The synthesized molecularly imprinted polymer (MIP) and non-imprinted polymer (NIP) 
were characterised to understand their most prominent functional groups using Fourier 
transform infrared spectra (FTIR) (Figure 6.2) and their surfaces were studied using 
scanning electron microscopy (SEM) equipped with an energy dispersive X-ray 
spectrometer (EDS) in order to investigate the chemical compositions of the polymers 
(Figure 6.3 a, b, c and d). 
As seen in Figure 6.2, the MIP and NIP spectra share a similar FTIR profile. The band at 
1720 cm-1 was a characteristic peak attributed to the COOH functional group, the second 
characteristic peak for poly methacrylic acid was found to be at 1456 cm-1 which was 
because of the C-C double bond. While the bands at 2900 and 3000 cm-1 were due to the C-




Figure 6.2: FTIR spectrum for the MIP and NIP 
 
The SEM images of the MIP and NIP (Figure 6.3 a and b) showed a presence of a bulk 
polymer. There were no significant differences between the MIP and NIP surfaces as 
expected. This was because the synthesis routes of the two polymers was similar except for 
the presence of the template in the preparation of the MIP. The EDS spectra (Figure 6.3 c 
and d) for both the MIP and NIP showed that both polymers had similar elemental 
compositions. Such a result was expected as the only difference between the two polymers 






Figure 6.3: SEM images for a) MIP, b) NIP and EDS spectra for c) MIP and d) NIP. 
 
6.3.2 Binding characteristics and adsorption capacity 
The binding characteristics and adsorption capacity studies were carried out to evaluate the 
differences in analyte binding between the MIP and NIP. From the sorption studies, there 
was a clear difference between the adsorption of trenbolone on the MIP and NIP (Figure 
6.4). This was shown by the difference in the absorbance which can directly be correlated 
to the trenbolone concentration on the respective solutions. The imprinting factor was used 
to evaluate the MIP recognition properties, according to literature a MIP with an IF of >1.2 
can be classified as suitable [44]. The calculated imprinting factor for the synthesized 








Figure 6.4: Graph showing the effect of the MIP for the removal of trenbolone in a 10 mg 
L-1 solution. 
 
The concentration difference was further confirmed by actual concentrations in studying the 
adsorption capacities of the respective polymers as shown in Figure 6.5. The MIP generally 
had higher adsorption capacity in comparison with the NIP. This was expected as the MIP 
has specific imprinted sites on the polymer for the analyte [52]. Thus, this informed the 
choice of using the MIP only for the optimisation of the extraction procedure. Adsorption 
studies were done to investigate the adsorption behaviour of the MIP and NIP. The 
equilibrium adsorption data for trenbolone onto the polymers was investigated using 
Langmuir [53] and Freundlich [53] isotherms with the non-linear equations (3 and 4). 
Langmuir:           (3) 
Where qe, qm, kL and Ce are amount of trenbolone adsorbed, maximum adsorption capacity, 
Langmuir constant and concentration of trenbolone at equilibrium respectively 
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Freundlich:          (4) 
Where KF, Ce and n are the measure of adsorption capacity, equilibrium concentration and 
indicator of adsorption effectiveness. 
 
Figure 6.5: Adsorption capacity studies for the NIP and MIP 
 
The adsorption data obtained for trenbolone adsorption onto the MIP was shown to fit the 
Langmuir isotherm with a correlation coefficient of 0.9263 which was greater than the R2 
of 0.8100 for the Freundlich isotherm. This meant that the adsorption of trenbolone onto the 
MIP was homogenous and thus assumes monolayer adsorption [54–56]. The maximum 
adsorption capacity calculated using the Langmuir isotherm was found to be 19.01 mg g-1. 
Trenbolone adsorption onto the NIP was characterized by the Freundlich adsorption 
isotherm. 
6.3.3 Multivariate optimisation 
The optimisation results were analysed using the analysis of variance, response surface 
methodology and desirability function in order to determine the significant factors, 
interaction and desirable conditions for optimum extraction [57]. The analysis of variance is 
reported in the form of a Pareto Chart (Figure 6.6), where the redline is indicative of the 95 
% confidence interval that a factor has significant effect on the extraction of trenbolone 
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using the MIP [58]. From the Pareto Chart, there was no factor that was significant for the 
extraction at 95 % confidence level. The reason for this could be the dependency of the 
analyte adsorption on the sites created during the imprinting, resulting on the extraction 
being a result of the analyte removal from the MIP. 
 
 
Figure 6.6: Pareto chart of standardized factors for the extraction of trenbolone. Factor (Q); 
factor (quadratic), factor (L); factor (linear), 2Lby3L: MA-EV interaction, 1Lby4L; ET-pH 
interaction, 1Lby2L; ET-MA interaction, 3Lby4L; EV-pH interaction, 1Lby3L; ET-EV 
interaction, 2Lby4L; MA-pH interaction. 
 
The response surface methodology was used to investigate the interactive effects of the 
independent factors on the analytical response (extracted trenbolone concentration). The 3D 
response surface plots are presented in Figure 6.7. The combined effect of MA and other 
factors (Et, pH and EV) revealed that better adsorption was obtained as mass increases from 
10-50 mg (Figure 6.7a,d and e). This suggest that an increased mass of a polymer increases 
the available template binding sites, thus leading to quantitative trenbolone extraction. The 
interactive effect between MA and EV shows high recoveries were obtained when the 
eluent volume was between 700 and 800 µL (Figure 6.7d). This implied that higher eluent 
 
141 
volumes (>500 µL) are required for complete removal of the template (trenbolone) from the 
polymer. Similar trend was observed in Figure 6.7b and 6.7f. The combined effect of ET 
with pH, MA and EV shows that quantitative extraction of trenbolone takes place at any 
point where ET > 0. These findings correspond to the Pareto Chart results which show that 
this factor is not significant at 95 % confidence level. The effect of pH showed that at 
highly acidic pH < 4, the extraction efficiency of the adsorbent was low (Figure 6.7c, e and 
f). The reason for this could be that an acidic environment causes unbinding of the analyte 






Figure 6.7: Response surface methodology plots showing the interaction between the independent factors (a) MA and ET, (b) EV and ET, (c) pH 
and MA, (d) pH and ET, (e) EV and MA and (d) pH and EV. 
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The profile of desirability and predicted values (Figure 6.8) was used to estimate the 
optimum conditions based on the desirability of each factor [59]. The highest extraction was 
assigned a desirability of 1, while the central and lowest were assigned to 0.5 and 0 
respectively. The desirability value of 1 was selected as the target and used to estimate the 
conditions required for optimum signal enhancement. These conditions included a sample pH 
of 6.5, MA of 30 mg, ET of 20 minutes and EV of 700 µL. The predicted conditions were 
then experimentally confirmed and resulted in an average concentration of 19.57 ± 0.15 and 
enhancement factor of 7.8. 
 
 
Figure 6.8: Desirability profiles with predicted values for the investigated factors affecting 
the extraction of trenbolone. 
 
6.3.4 Analytical performance and validation of MIP extraction method 
The analytical performance of the method was evaluated using the limits of detection (LOD) 
and quantification (LOQ), the linear range (LR), % RSD, enrichment factor (EF) and 
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preconcentration factor (PF). The LOD and LOQ are described by the expressions  
and  respectively, where sd is the standard deviation of 7 replicates of the lowest 
concentration standard sample prepared in ultra-pure water and m is the slope of the 
calibration curve [60]. From this method, the LOD, LOQ, LR, % RSD, EF and PF were 
found to be 0.07, 0.24 mg L-1, LOQ- 10 mg L-1, 0.75, 7.2 and 14 respectively. 
 
 
Figure 6.9: Adsorption and extraction performance of the MIP in comparison to the NIP. 
 
In order to test the real sample selectivity of the MIP in comparison to the NIP, lake water 
was spiked with 3 mg L-1 of trenbolone and -estradiol. The adsorption and recovery % of 
trenbolone was then used to determine the effectivetiveness of the polymers in selectively 
binding trenbolone. The experimental results are presented in Figure 6.9 where it can be 
noted that the MIP had superior adsorption and enhancement in comparison to the NIP. This 
means that the MIP could selectively bind trenbolone in the presence of interferences better 
than the NIP. 
6.3.5 Polymer reusability 
The reusability studies of the polymer were carried out by using the polymer in the 
preconcentration procedure, eluting the analyte, washing the polymer with the eluent and 
vacuum drying the polymer for reuse after each cycle. The reusability results are presented in 
Figure 6.10 where it can be noted that from cycle 1-3, the trenbolone recovery was above 95 
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% and significant decrease in recovery was observed from the 4th cycle where the recovery 
was 70.7  0.32 %. 
 
 
Figure 6.10: Trenbolone percent recovery during different cycles of reusing the MIP (n=3). 
 
6.4 CONCLUSIONS 
A molecularly imprinted polymer based on a trenbolone template was prepared. The FTIR 
spectra of MIP and NIP showed that the chemical compositions of the polymers were similar 
while the SEM image of MIP was more ordered in comparison to that of NIP. Using UV-Vis 
spectrophotometry quantification and adsorption data, the imprinting factor and isotherms 
showed that the MIP was favourable. The MIP was then used in solid phase extraction of 
trenbolone, the extraction procedure was optimised using a multivariate experimental design 
based on central composite, the SPE optimum conditions were found to be pH of 6.5, MA of 
30 mg, ET of 20 minutes and EV of 700 µL. The adsorption of trenbolone was found to 
favour Langmuir which meant the adsorption followed a monolayer mechanism. The MIP 
was found to be recyclable for up to 3 times with recoveries above 95 %. 
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CHAPTER SEVEN: MINIATURISED LIQUID PHASE EXTRACTION OF BUTYL 
AND PHENYLTINS IN SEDIMENT SAMPLES USING DEEP EUTECTIC 
SOLVENT: OPTIMISATION AND HPLC-ICP-MS ANALYSIS 
ABSTRACT 
A novel and environmentally friendly analytical method was developed for simultaneous 
extraction of organotins in sediments. The extraction efficiencies of hydrophobic deep 
eutectic solvents were investigated. Eight species of tin such as tributyltin (TBT), diphenyltin 
(DPhT), dibutyltin (DBT), monophenyltin (MPhT), monobutyltin (MBT) and triphenyltin 
(TPhT) were successfully extracted and quantified using high-performance liquid 
chromatography–inductively coupled plasma-mass spectrometry (HPLC-ICP-MS). The 
experimental parameters affecting the extraction process were optimized using response 
surface methodology. Under optimized conditions, the limits of detection and limits of 
quantification ranged from 0.2 -1.1 ng g-1 and 2.3-6.0 ng g-1 respectively. The accuracy 
expressed in the form of percentage recoveries ranged between 89.2 % and 105 %. The 
developed extraction method was applied for the extraction of organotins in to freshwater and 
seawater sediments. The results obtained demonstrated that TBT and TPhT were present in 
seawater sediments.  
7.1 INTRODUCTION 
According to the European Union Regulation on chemicals, by 2014 over 140000 chemicals 
were produced for human activities [1]. These chemicals are used for a vast range of 
applications in different industries such as agricultural, industrial and medicinal. As such, 
release of chemicals into the environment is inevitable and widespread [2]. Consequently, 
accumulation potential by humans and wildlife is high. Once in contact with living 
organisms, some chemicals tend to result in unintended results. Some of these chemicals can 
mimic hormonal functions and thus affect normal function of the endocrine system [3,4]. 
These types of chemicals are defined as endocrine disruptors [3]. Included in this definition 
are hormones, pharmaceuticals, and poly brominated diphenyl ethers (PBDEs) and organotins 
[5]. 
Organotins are organometallic compounds containing a tin (Sn) atom bound to organic 
side chains [1,6]. A typical organotin is characterised by the formula RSnX where R 
represents an organic group and X can be an inorganic or organic ligand [6]. Organotins can 
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be grouped according to the R groups they contain namely monoorganotins (RSnX3), 
diorganotins (R2SnX2), triorganotins (R3SnX) and tetraorganotins (R4Sn). The chemical and 
physical properties of organotins also differs depending on the organic substituent [7,8]. For 
example, the organotin solubility tends to decrease with an increase in number and length of 
the organic groups [1]. Also, the toxicity follows a similar trend, with inorganic tin being 
non-toxic while tributyltin (TBT) and triphenyltin (TPhT) having maximum toxicity [9]. 
Organotins are mostly used in agricultural and marine activities as fungicides, pesticides and 
as catalysts in the manufacturing of polyvinyl chloride and silicone [10]. Organotins gained 
attention because of tributyltin, an extremely potent biocide [11,12]. TBT was used in 
antifouling paints for ship hulls which caused negative effects on non-target aquatic 
organisms [13]. The most documented effect of TBT was imposex in gastropods which is 
considered as the best example of endocrine disruption [14,15]. This led to the ban of TBT in 
2008 [1], while this is the case TBT is still detected in water due to sequestration and ends up 
reaching humans through contaminated sea food [10,16]. This means that monitoring OTs 
levels is still relevant. 
The analytical method of choice for the detection and quantification of organotins is gas 
chromatography (GC) combined with detectors [6,17]. Though extremely selective, GC’s 
main drawback is the need for derivatisation which can interfere with the analysis [18]. This 
has resulted in the surge of liquid chromatography (LC) based methods, which is less 
sensitive. This can be remedied using sample preparation [19]. 
Analytical methodologies used for the detection of organotins can be found in detail reviewed 
by Cole and colleagues [19]. They are used to promote high preconcentration factors, 
increase selectivity and reduce solvent volumes [20]. Solid and liquid phase extraction 
methods are the two most established methods that can be used for the preconcentration of 
organotins in environmental samples [19]. For solid samples, liquid phase extraction methods 
are preferred. Deep eutectic solvents (DES) provide a greener type of solvent for liquid phase 
extraction [21]. 
Deep eutectic solvents are made up of a mixture of a hydrogen bond donor and acceptor 
[22]. The mixture of the components results in a liquid with a lower melting point than its 
individual components [23,24]. DESs have similar properties to ionic liquids such as 
donating and accepting protons resulting in the ability to form hydrogen bonds [23] . The 
major advantages of DESs over ionic liquids including ease of synthesis, less toxic raw 




The aim of this study was to explore the use of a deep eutectic solvent as an extraction 
solvent for organotins in sediment samples. This method was optimised using a two-step 
multivariate optimisation procedure based on a fractional factorial design for screening of the 
most influential factors and central composite design for the determination of optimum 
conditions. The extraction of organotins in sediments using deep eutectic solvent is reported 
for the first time in this study. The method was then used to determine organotin compounds 
in sediment samples. 
7.2 MATERIALS AND METHODS 
7.2.1 Materials 
Choline chloride, ethylene glycol, nitric acid, the certified reference (BCR-646) material and 
tin (Sn) (CRM), methanol (HPLC grade), glacial acetic acid and triethylamine (99 %) were 
all purchased from Sigma Aldrich (St. Loius, MO, USA) ultra-pure water, (Direct-Q® 3UV-
R purifier system, Millipore, Merck, KGaA, Darmstadt, Germany). 
7.2.2 instrumentation 
A Heidolph Multi Reax (Heidolph Instruments GmbH & CO. Schwabach, Germany) test tube 
shaker was used to homogenise the DES with the soil samples. A Lab Tec E36S digiblock 
(LabTech S.r.l., Sorisole, Italy) was used for digestion. Centurion C2006 (Centurion 
Scientific West Sussex, United Kingdom) centrifuge was used for all separations. 
Quantification was achieved using an in-house Agilent 7900 ICP-MS (Agilent Technologies 
Inc.,Tokyo, Japan) equipped with a Perkin Elmer S10 autosampler optimised and operated 
using the manufacturers recommended settings. An Agilent high-performance liquid 
chromatography (HPLC) 1200 Infinity series, equipped with a photodiode array detector 
(Agilent Technologies, Waldbronn, Germany), was used for all analysis. The separation was 
done on an Agilent Zorbax Eclipse Plus C18 column (3.5 m 150 mm 4.6 mm) (Agilent, 
Newport, CA, USA) baked at an oven temperature of 35 °C. The mobile phase mixture 
contained mobile phase A (methanol, 90%) and B (10 % acetic acid adjusted to pH 3.5 using 
triethylamine, 10 %) and was run at a flowrate of 0.800 mL min-1 using an isocratic elution 
programme with 50 µL of sample injected. The chromatograms were recorded at an 
adsorption wavelength of 250 nm 
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7.2.3 Preparation of deep eutectic solvents (DES) 
A method reported by Matong et al, 2018 [26] was used for the preparation of deep eutectic 
solvents (DES). Briefly, appropriate amounts of choline chloride and ethylene glycol were 
mixed into a round bottom flask in different mole ratios. The mixture was then heated at 80 
°C and stirred at 200 rpm for 10 – 20 minutes until a clear homogenous solution formed 
7.2.4 Extraction method 
Appropriate amount of sediment sample (25 – 50 mg) was accurately weighed and 
transferred into 50 mL polypropylene tubes with caps. The appropriate amount of deep 
eutectic solvent (2 – 4 mL) was added to the samples. The mixture was then homogenised 
with the aid of a vortex shaker at 800 rpm for 10 minutes, after which the bottles were heated 
to temperatures between (80 – 120 °C) using a digiblock for 5 – 15 minutes. The solutions 
were then allowed to cool to room temperature and made to 10 mL using nitric acid (0-1%). 
The sediments and supernatant were separated using centrifugation at 3000 rpm for 10 
minutes then the supernatant was filtered with 0.22 µm PVDF syringe filter and diluted to 25 
mL with ultra-pure water before analysis. 
7.2.5 Optimisation of extraction method 
In analytical chemistry, there are generally a lot of experimentation required in order to 
understand the effects of variables (factors). A one variable at a time approach has been used 
for determining the effects of these factors, this approach changes the value of one factor 
while keeping the others constant [27]. The most notable disadvantage of this approach is the 
high cost associated with this optimisation strategy [28]. Presently, multivariate experimental 
design strategies which allow for simultaneous determination of the effects of different 
variables can be used [29]. In this study, a two-stage multivariate approach consisting of 
factor screen based on a 25-1 fractional factorial design and a central composite design with a 
desirability function (DF). The fractional factorial design (FFD, Table 7.1) was used to screen 
the most influential factors, then the central composite design was used to further optimise 





Table 7.1: Extraction optimisation using fractional factorial design. 
Parameter Low level Central point High level 
Sample mass (SM, mg) 25 37.5 50 
Temperature (Temp, °C) 80 100 120 
Deep eutectic solvent volume (DEV, mL) 2 3 4 
Extraction time (ET, min) 5 10 15 
% acid content (AC %) 0 0.5 1 
 
7.2.6 Quality control 
Quality control was carried out to ensure consistent, accurate and comparable results. It also 
plays an important role which is to avoid carry-over of analytes from the plasticware. This is 
done by immersing all the plasticware in 1%nitric acid before use. For accurate instrumental 
analysis, matrix-matched standards and blanks were used and prepared by adding appropriate 
amount of DES, nitric acid and water  
7.4 RESULTS AND DISCUSSION 
7.3.1 Two stage multivariate optimisation 
7.3.1.1. Stage 1: factor screening 
The screening conducted using a 25-1 fractional factorial design was analysed using analysis 
of variance (ANOVA) to determine the influential factors. The outcomes are presented in the 
form of a Pareto chart (Figure 7.1). The factors optimised were (1) sample mass (SM), (2) 
temperature, (3) deep eutectic solvent volume (DEV), (4) extraction time (ET) and (5) 
percent acid content (AC %). In this analysis for a factor to be considered significant for the 
extraction, the bar representing the factor should pass the red line (p = 0.05) which is 
indicative of 95 % confidence level [30,31]. From the Pareto chart, the factors that passed the 
red line were the SM and AC % which meant that these two factors were significant for the 




Figure 7.1: Pareto chart of standardised effects on the extraction of organotins in sediments.  
 
7.3.1.2. Stage 2: further optimisation 
The second step of optimisation was carried out using the response surface methodology 
based on the central composite design equipped with the desirability function (DF). The 
parameters that were optimised were sample mass (SM), percent nitric acid content (AC %) 
and deep eutectic solvent volume (DEV). The interactions of these parameters are presented 
as response surface plots in Figure 7.2 A, B and C.  the combined effect of SM-DEV and 
SM-AC (Figure 7.2 A and B) show that quantitative analysis was possible with masses below 
30 mg when DEV was between 1–3 mL while the SM-AC % interaction showed that the AC 
% was more influential when greater than 0.6 %. A similar trend was observed for the AC % 








Figure 7.2: Response surface plots showing the interaction effects of A; deep eutectic solvent 
volume (DEV) – sample mass (SM), B; percent acid content (AC %) – sample mass (SM) 
and C; percent acid content (AC %) - deep eutectic solvent volume (DEV). 
 
The profiles for desirability were used for the estimation of the optimum conditions. As seen 
in Figure 7.3, a desirability of 1 was associated with maximum recovery (109 %), while 0.5 
and 0 were respectively associated with middle (54 %) and minimum (0.68 %) recoveries 
[32]. Based on the desirability profile, the optimum conditions were a sample mass of 16.5 




Figure 7.3: Desirable profile for the extraction of tin in sediments. 
7.3.2 Method validation 
Under optimized conditions, the developed extraction method was validated using analytical 
performance parameters such as linear range, precision, accuracy, limits of quantification 
(LOQ) and detection (LOD). The validation process was carried according to Mketo and 
coworkers [33]. In the study the calibration curves with six points constructed after subjecting 
the five different BCR 646 masses (10-60 mg) into the optimized extraction method (as 









Table 7.2: Developed method analytical parameters 
Organotins Equation  R2 
TBT y=1345x + 573 0.9978±0.0012 
DBT y=1358x + 111 0.9991±0.0009 
MBT y=1589x + 345 0.9989±0.0011 
TPhT y=2345x + 112 0.9993±0.0008 
DPhT y= 3425 x + 123 0.9978±0.0014 
MPhT y = 1345x + 234 0.9979±0.0013 
 
In this study, the LOQ and the LOD were estimated from the measurement of lowest mass of 
the CRM (5 mg, n = 10) and the results are summarised in Table 7.3. As seen in this Table 
the LOD and LOQs ranged from 0.2 -1.1 ng g-1 and 2.3-6.0 ng g-1, respectively. The intraday 
(15 independent extractions and measurements) and interday (n= 7 working days, extractions 
and measurements were carried in triplicates) precisions were evaluated by analysing 10 mg 
of BCR 646. As seen in Table 7.3, the intraday precision ranged from 1.9-3.5% and the 
interday precision was less than 10%. These findings suggested that the developed method 
combined with HPLC-ICP-MS could provide reliable results and can be applied in real 
samples. 
Table 7.3: Method analytical performance. 
Organotins  LOD LOQ Precision (%RSD) 
   Intraday  Interday  
TBT 0.2 0.7 2.4 4.5 
DBT 0.5 1.7 3.5 4.2 
MBT 0.3 1.0 3.3 3.9 
TPhT 0.8 2.7 1.9 3.7 
DPhT 1.2 4.0 2.5 5.2 
MPhT 0.6 2.0 3.0 5.4 
 
Table 7.4 illustrates a comparison of the current method with other analytical methods 
reported in the literature for extraction of organotin in sediment samples. Generally, the LOD 
and LOQ levels attained using the proposed method was similar or below the values reported 
by Refs [34–36] for organotins in related matrices. Furthermore, the precision of the 
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developed method was better than those reported elsewhere. However, the LOD and LOQs 
were higher than those reported by Çetintürk and Ünlü [37].  
Table 7.4: Analytical performance reported by various researchers for organotin 
determination in sediment samples. 
Analytes Analytical 
technique 
LOD (ng g-1) LOQ (ng g-1) % RSD Ref 







TBT, DBT, MBT, TPhT, 









TBT, DBT, MBT, TPhT, 




0.3-1 1.0-3.3 <10 [35] 




0.43-0.98 0.82-3.1 7 [36] 
TPhT, ACT, FBTO LLE-
HPLC-
ICP-MS 
0.13-0.44 0.43-1.46  [39] 
TBT, DBT, MBT, TPhT, 
DPhT, MPhT 
 0.2-1.1 0.7-4.0 1.9-5.4 Current 
study 
 
7.3.3. Accuracy and application of the developed extraction method combined with 
HPLC-ICP-MS   
The accuracy of the method was evaluated by analysing the CRM and spiked seawater 
sediment samples (Table 7.5). As illustrated in Table 7.5, the concentrations obtained from 
BCR 646 using the proposed method agreed with the certified values and the recoveries 
ranged from 92-99%. In addition, satisfactory recoveries (89-105%) of the different 
organotins from the spiked sediment samples and the RSDs ranged range of 2.5%–4.9%. 
Additionally, the sum of the concentrations of the tin species acquired using HPLC-ICP-MS 
agreed with the total concentration of tin obtained after total digestion of the CRM 
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mineralization. These results demonstrate that there was no significant matrix effect on the 
extraction and the determination of the organotin residues in sediments. Furthermore, the 
results suggest that developed method can be used for quick and fast extraction of organotins 
in complex matrices.  
Table 7.5: Accuracy investigation of the study, concentrations are presented in ng g-1g) 











TBT 480±80 477±20 99.4±4.1 1.0  1.05±0.04 105±3.8 
DBT 770±90 745±31 96.8±4.2 5.0 4.92±0.17 98.3±3.5 
MBT 610±120 597±23 97.9±3.9 5.0 4.89±0.12 97.8±2.5 
TPhT 29±11 28.3±1.8 97.6±6.4 1.0 1.02±0.05 102±4.9 
DPhT 36±8 32.6±1.5 90.5±4.6 5.0 4.67±0.17 93.3±3.6 
MPhT 69±18 64.1±4.5 92.9±7.0 5.0 4.46±0.23 89.2±5.2 
Total Sn 1994 1937±33     
 
The applicability of the method was investigated by analysing freshwater and seawater 
sediments samples collected from Durban coast and Umgeni water. These revealed that the 
concentrations of organotins in freshwater sediments were below the LOQs. However, traces 
amount of TBT and TPhT were detected in seawater sediments. The concentrations ranged 
from 12-31.3 ng g-1and 15 -78.1 ng g-1for TBT and TPhT, respectively. These concentrations 
were comparable with global concentrations of organotins reported by other researchers 
(Table 7.6). Showing that though in low concentration, OTs are still detectable which causes 
concerns since they can still affect the endocrine system even at low concentrations [10,40]. 
This could be a consequence of the sequestration of organotins into the sediments. This has 
been linked with the persistence of these pollutants in the environment which results in their 





Table 7.6: Concentration of organotins in sediments (ng g-1) 
Country  TBT DBT MBT TPhT DPhT MPhT Refs 
Korea 2340 7.36 4.18    [41] 
China 6.45 8.86 18.1 3.66 3.91  [42] 
Chile 366 114 253    [35] 
Malaysia 10.6   19.4   [43] 
Argentina 36.8 156 292    [40] 
Saudi Arabia  60 160 12 260 330 [16] 
Poland 28.5 18.9 15.2    [10] 
Slovenia 174 69 109    [44] 
Norway 145 643 78.2    [10] 





A liquid phase extraction method based on a deep eutectic solvent was used for the 
determination of organotins in sediment samples. A two stage optimisation method was used 
to screen factors driving the extraction using a 25-1 fractional factorial design and the 
optimum conditions were found using the desirability function of a central composite design. 
For optimum extraction a sample mass of 16.5 mg, solvent volume of 3 mL and a 1.3 % nitric 
acid were required. The optimised conditions were used to investigate the detection limits of 
the method which were found studied as the LOD, LOQ, linear range and precision. With the 
developed method, trace amounts of TBT and TPhT could be detected from the analysed 
samples. 
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GENERAL CONCLUSION AND RECOMMENDATIONS 
8.1 GENERAL CONCLUSION 
In literature, endocrine disrupting compounds are described as exogenous chemicals with the 
ability to alter the normal function of the endocrine system. These alterations have been 
linked to different responses in organisms. Compounds such as PCPs, PBDES, 
pharmaceuticals, hormones and organotins have been linked with some form of endocrine 
disrupting properties. In this study, two groups of endocrine disruptors, namely hormones and 
organotins were the focus of the study. In chapter 2, a review of molecularly imprinted 
polymers as sorbents for the detection of steroid hormones in environmental, food and 
biological samples was presented. The review highlighted the presence of steroid hormones 
in various matrices and concentrations reported by researchers in different countries. The use 
of MIPs as SPE sorbent was also shown to be a vital part for selective and sensitive 
determination of steroid hormones in complex matrices as well as the preparation of the 
polymers which showed that precipitation, bulk and surface imprinting are the most prevalent 
methods for the preparation of MIPs. Organotins occurrence and analytical methods were 
reviewed with particular focus on the Indian and neighbouring oceans. This showed that 
though organotins were banned since the early 2000s, these compounds still occur in the 
marine environment.  
The experimental work in this thesis aimed to achieve two objectives: 
1. Preparation and characterisation of materials for use as adsorbents in the 
preconcentration and removal of hormones water samples. 
Adsorbent materials (β-estradiol decorated activated carbon, molecularly imprinted polymers 
and akaganeite) were prepared and characterised. Steroid hormones in water samples were 
determined using a magnetic solid phase microextraction method using β-cyclodextrin 
decorated magnetic activated carbon. The synthesised adsorbent material was shown to 
provide analytical performance comparable to those reported in literature, the method could 
be used up to 8 times before %RE decreased below 92 %. In analysed samples E1 and E2 
could be detected in all the samples ranging from 10.4 to 6234 ng L-1 
A molecularly imprinted polymer in chapter 5 was shown to be an effective adsorbent for 
the determination of trenbolone in water. The prepared MIP was able to selectively bind 
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trenbolone in lake water and resulted in quantitative determination of the analyte using a 
simple and inexpensive quantification using a UV-Vis spectrometry. The MIP could be used 
and reused 3 times binding trenbolone on the polymer could be characterized by a Langmuir 
adsorption isotherm. In addition to the extraction methods developed for quantification of 
hormones, an adsorption-based removal method for β-estradiol employing akaganeite was 
developed. The adsorption characteristics of β-estradiol onto akaganeite was characterized 
using linear and non-linear isotherm models showing that the adsorption followed a 
Langmuir type with a maximum adsorption capacity of 102 mg g-1. The rate determining step 
followed a pseudo-second order kinetic model. 
In addition to the extraction methods developed for the quantification of hormones, an 
adsorption-based method for the removal of β-estradiol (E2) employing akaganeite nanorods 
was explored. The adsorption characteristics of the adsorption of β-estradiol onto akaganeite 
were investigated using both linear and non-linear isotherm models showing that the 
adsorption could be explained best by a Langmuir type isotherm with high maximum 
adsorption capacity. The rate determining step followed showed a two-step adsorption 
process based on surface adsorption and intraparticle diffusion with intraparticle diffusion 
being the more prevalent step. The adsorption mechanism of β-estradiol onto akaganeite was 
controlled by electrostatic attractions between the adsorbent and analyte. The use of 
akaganeite was shown to be a good candidate for the adsorption of hormones from water 
samples and could be reused for at least 6 times while maintaining approximately 90 % 
removal efficiency. 
2. Development of greener methodologies employing deep eutectic solvents for the 
analysis of organotins. 
The developed greener method developed used a combination of HPLC-ICP-MS to quantify 
organotins in freshwater and seawater sediment samples. The method made use of a deep 
eutectic solvent to extract the organotins from the sediments samples. The extraction 
efficiency was found to be driven by the sample mass, volume of DES and nitric acid 
percentage. The method was shown to be effective for the extraction of tributyltin and 
triphenyltin in freshwater and seawater sediments with recoveries ranging from 89.2 % and 
105 %. The application of the method showed that trace amounts of organotins were still 
detectable in the environment even years after their ban was imposed. 
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8.2 FUTURE PERSPECTIVES AND RECOMMENDATIONS 
In this study, the detection and quantification methods for hormones and organotins have 
been developed and discussed. The methods showed great potential for the detection of the 
selected endocrine disruptors even at trace levels. In order to gain a better understanding of 
the distribution of the pollutants, further studies such as seasonal sample collection, and 
comparison of different sample areas within South Africa can be investigated. This would 
give insight on the national pollution levels, thus providing more information required in 
order to aid with proper handling of wastewater effluents which are regarded as the major 
source of EDCs into the environment. Though batch adsorption was also shown to be an 
effective method for the removal of β-estradiol, in large scale processes adsorption is usually 
regarded as not favourable, hence an online adsorption method will have to be explored 







APPENDIX A: CHAPTER FOUR 
Table 4A1: Structural and physical properties of target analytes 
Compound Molecular weight (g/mol) pKa Log Kow 
 
Estrone (E1) 
270.37  10.7 4.1 
 
Estradiol (E2) 
272.38 10.7 3.7 
 
Hydrocortisone (HYD) 
362.46 13.8 1.6 
 
Progesterone (PRO) 
270.37 18.9 3.9 
 
 
Table 4A.2: Box Behnken experimental design matrix and respective analytical responses  
Expt runs pH MA CT %RE 
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1 4.0 20 32.5 85 
2 9.0 20 32.5 39 
3 4.0 50 32.5 101 
4 9.0 50 32.5 50 
5 4.0 35 5.0 101 
6 9.0 35 5.0 33 
7 4.0 35 60.0 101 
8 9.0 35 60.0 33 
9 6.5 20 5.0 56 
10 6.5 50 5.0 102 
11 6.5 20 60.0 103 
12 6.5 50 60.0 101 
13 6.5 35 32.5 104 
14 6.5 35 32.5 104 





APENDIX B: CHAPTER FIVE 
Table 5A1: Design matrix for removal of E2 
Standard Run 
3 factor Box-Behnken design, 1 block , 15 runs (Spreadsheet5) 
pH MA CT %RE 
1 4.0 20.0 32.5 84.6 
2 9.0 20.0 32.5 39.0 
3 4.0 50.0 32.5 101.0 
4 9.0 50.0 32.5 50.1 
5 4.0 35.0 5.0 101.1 
6 9.0 35.0 5.0 33.4 
7 4.0 35.0 60.0 100.9 
8 9.0 35.0 60.0 33.4 
9 6.5 20.0 5.0 55.8 
10 6.5 50.0 5.0 101.6 
11 6.5 20.0 60.0 103.0 
12 6.5 50.0 60.0 100.8 
13 6.5 35.0 32.5 104.5 
14 6.5 35.0 32.5 104.2 
15 6.5 35.0 32.5 105.4 
 
 
 
